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ABSTRACT 
To determine the effect of irradiation on the oxidative quality changes during the 
storage, pork loin and turkey breast muscles were irradiated using an electron beam. 
Irradiation accelerated lipid oxidation, increased redness, and produced several sulfur (S)-
volatiles that were responsible for the characteristic irradiation off-odor. This quality 
deterioration by irradiation was dependent on packaging conditions. Lipid oxidation was 
more problematic when meat was aerobically stored, whereas the production of S-volatiles 
was greater in vacuum-packaged irradiated raw meats. But when meat was freezer-stored, 
aerobic packaging was more susceptible to the production of both oxidation-dependent and 
S-volatiles. Irradiation made the color of meats redder and the redness was more distinct and 
stable under vacuum conditions. In irradiated meat, the production of carbon monoxide (CO), 
which can bind to myoglobin as a sixth ligand, was proportional to the irradiation dose. 
Oxidation-reduction potential was also decreased by irradiation indicating that more reducing 
conditions were supplied to heme pigments. Thus, it can be concluded that the increased a*-
values in irradiated meat was caused by heme pigment-CO ligand formation. The absorption 
spectra of meat drip also showed that the peak wavelengths of irradiated meat were similar to 
those of the CO-myoglobin. Therefore, we suggest that CO-myoglobin be a major heme 
pigment responsible for the red or pink color in irradiated meats. These color changes and the 
mechanisms in irradiated raw meat were similar in irradiated precooked meat. A few 
strategies to reduce the oxidative quality deterioration of irradiated meats were studied. 
Addition of an antioxidant (sesamol, gallate, Trolox, or a-tocopherol) or their combination 
was effective in reducing the S-volatiles in vacuum-packaged irradiated meats or in 
controlling lipid oxidation in aerobically packaged irradiated ones. A modified packaging 
concept (double-packaging; combined use of vacuum and aerobic packaging) was also 
effective in eliminating S-volatiles and minimizing lipid oxidation during the storage. 
Especially, gallate + «-tocopherol along with double-packaging reduced effectively the red 
color of irradiated raw and cooked meats. These beneficial effects of double-packaging and 
antioxidant were more critical in irradiated cooked meat, and it was a very effective method 
to control the oxidative quality changes of irradiated meats. 
I 
CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Food irradiation is a process that provides several important benefits for consumers as 
well as industry. It improves the safety of fresh meats by reducing or eliminating foodborne 
pathogens and it extends the shelf life of these products during refrigerated storage (Thayer, 
1994; Murano, 1995a). Low doses (up to 1 kGy) of radiation can kill at least 99.9% of 
Salmonella in poultry and an even higher percentage of Escherichia coli Ol57:H7 in ground 
beef (Olson, 1998). Consumers and regulatory agencies have become increasingly aware of 
the dangers of pathogenic microorganisms to human health, and this has led to a greater 
willingness to consider irradiation treatment of meat. Thus, after long history of food safety 
and preservation technology, FDA and USD A specified the approval of irradiation use on 
meats by maximum absorbed dose levels (4.5 and 7.0 kGy, respectively, for refrigerated and 
frozen meat) in 1999 (USDA, 1999). Poultry meat was approved at dosage between 1.5 and 
3.0 kGy for control of pathogenic bacteria. Irradiation also can provide numerous advantages 
to meat processors, such as an increase in hygienic quality, extended shelf life, and reduction 
of chemical and toxic residues by reducing the use of nitrite or other chemical preservatives 
(Urbain, 1989; Lebepe et al., 1990; Radomyski et al., 1994; Murano et al., 1995). 
Despite of the advantages of irradiation on meat in terms of its microbial safety, the 
oxidative chemical changes are accompanying problems in irradiated meats because 
irradiation produces free radicals and reactive products with meat components. So far, studies 
related with the qualities of irradiated meat have showed general common opinions that 
irradiation accelerated lipid oxidation especially in aerobically packaged meats and produced 
characteristic irradiation off-odors. The mechanisms of lipid oxidation and off-odor 
production in irradiated meats were relatively well established by a number of studies related 
to irradiation chemistry and meat biochemistry. The color changes by irradiation, however, 
received attention from the meat industry recently. Little information on the pigment forms 
of irradiated meats, however, is available despite its drastic changes by irradiation. 
To procure practical methods to prevent or minimize the deteriorated qualities of 
irradiated meats are also very imperative. Oxygen and a few non-meat additives have critical 
impacts on the oxidative qualities of nonirradiated meats during the storage. Thus, it is 
possible to premise the beneficial effects of a modified packaging (combinational use of 
aerobic and vacuum conditions) and some ingredients on the quality of irradiated meats. 
Therefore, the goal of this study was to elucidate the mechanism of color changes in 
irradiated meats, and to determine the effects of irradiation, a modified packaging technique, 
and a few additives (antioxidants and acids) on quality deterioration such as lipid oxidation, 
color, and volatile production in irradiated meat. 
Effect of Irradiation on Meat Components 
Introduction 
Radiolytic changes in foods are minimal and predictable from the radiation chemistry 
of the principal components of the food. The radiolytic products in irradiated foods are 
neither unique nor toxicologically significant in the quantities found (Thayer, 1994). 
However, the interaction of radiolytic products and meat components can deteriorate meat 
quality. Ionizing radiation has sufficient energy to remove orbital electrons from the atoms 
when it passes through the medium (meat). When the primary electron collide with an 
electron in the medium, energy is transferred to electron in the medium, which cause 
secondary electron to be ejected and generate a charged radical. The amount of radiation 
energy absorbed is measured in units of gray (Gy): one gray equals one joule per kilogram 
(Olson, 1998). 
Nucleic acid 
Radiation destroys microorganisms by partial or total inactivation of genetic material 
in living cells either by its direct effects on DNA or through the production of radicals and 
ions that attack DNA indirectly (WHO, 1994). For example, breaking bonds in the DNA 
results in the loss of a cell's ability to replicate. In biological systems, DNA is the most 
critical target of irradiation although other cellular components may also be affected. The 
direct effect of irradiation on nucleic acid molecules is either ionization or excitation. Indirect 
effects of irradiation on DNA include excitation of water molecules, which then diffuse to 
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the medium and may contact with chromosomal materials (Moseley, 1989). An exposure of 
bacterial cells to 0.1 kGy irradiation resulted in 2.8% DNA damage whereas 0.14% of the 
enzymes and 0.005% of the amino acids were altered with the same dose (Diehl, 1995). 
Water 
Water is a major component of meat and the content ranges from 60 to 75% in meat 
and meat products. Thus, when pure water is irradiated, formation of a number of radiolytic 
products occurs (Swallow, 1984). 
HiO —> »OH (hydroxyl radical) + *H (hydrogen atom) + Hz 
4- H2O2 (hydrogen peroxide) + H3O+ (hydrated proton) + e'aq (hydrated electron) 
Among the radiolytic products, hydroxyl radical is a powerful oxidizing agent whereas the 
hydrated electron is a strong reducing agent. Hydrogen peroxide and hydrogen are produced 
in small quantities even at high dose of irradiation because they are largely consumed (Diehl, 
1995). At a given irradiation dose, a substance dissolved in water is damaged more than pure 
and dry form due to the high reactivity of intermediate radical species. Vas (1969) reported 
that pepsin had a high radiation resistance when irradiated in the dry state, but the enzyme 
was largely inactivated when irradiated in dilute solution. If competing solutes such as 
scavengers are present, the destruction of enzymes will be reduced (Proctor et al., 1952). At 
low pH, hydrated electrons are rapidly scavenged by hydrogen ions and converted to 
hydrogen atoms. Thus, an acidic medium would favor the disappearance of e'aq, while an 
alkaline medium would favor the formation of e"aq by the reactions below (Diehl, 1995). 
e'aq + <-»*H 
•H + OH" H?0 + e"aq 
Oxygen availability during irradiation is an important factor on the radiolytic process. 
Oxygen can be reduced by hydrogen atoms to hydroperoxyl radical (*OHi), a mild oxidizing 
agent, in equilibrium with superoxide anion radical (*0? ). Both hydroperoxyl and 
superoxide radicals can produce hydrogen peroxide in the presence of oxygen. Because these 
reactions consume oxygen, irradiation with electron beams at higher than 0.6 kGy creates an 
anaerobic condition. Gamma sources, however, do not create anaerobic conditions because 
gamma sources deliver a radiation dose at a much lower dose rate than electron accelerators. 
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Thus, overall impacts of electron beam irradiation could differ from those of gamma 
irradiation at the same dose (WHO 1994; Diehl 1995). Perhydroxyl radicals are dissociated at 
pH 4 or higher to give superoxide anion, an oxidizing radical (Wood and Pikaev, 1994). 
Carbohydrates 
The major effect of irradiation on carbohydrates is the degradation of glycosidic 
bonds because carbohydrates are protected against irradiation damage by protein, amino 
acids, and radiolytic decomposition products (Wood and Pikaev, 1994). The radiolytic attack 
on the glycolytic linkages results in saccharide unit(s) cleavage and carbohydrate complex 
breakdown (Murano, 1995a). The radiolytic products from irradiated sugar in vacuum 
conditions are mainly derived from the reactions of hydroxyl radical with sugar, which leads 
to oxidation of hydroxyl groups (Schubert, 1973). Hydroxyl radicals abstract predominantly 
a hydrogen atom of C-H bonds and form a water molecule (Diehl, 1995). Since hydroxyl 
radicals can abstract a hydrogen atom from all six carbons of glucose, a variety of reaction 
products can be formed. When sucrose solution was irradiated, about 2% of the sugar was 
decomposed and resulted in a bigger pH drop (Schubert, 1973), but when carbohydrates are 
irradiated as components of food they are much less sensitive to radiation than in pure form 
(Diehl, 1995). The content of carbohydrates is relatively low in meats and meat products and 
the quality deterioration induced by the interaction of carbohydrates and irradiation is 
expected to be minimal. 
Lipid and fatty acids 
The major non-oxidative radiolytic products of irradiated fat in the absence of oxygen 
were carbon dioxide, hydrogen, carbon monoxide, a series of hydrocarbons, and n-aldehydes 
(Nawar et al., 1996). The hydrocarbons formed by irradiation are mainly Cn.[ alkane (one 
carbon less than the parent fatty acid) and C„-2:i (two carbon atoms less than the parent fatty 
acid and containing a double bond). In the presence of oxygen, autoxidation of lipids occurs 
in addition to radiolysis. Irradiation of unsaturated fatty acids accelerates autoxidative 
changes and produces a number of oxygen-containing products such as hydroperoxides and 
carbonyl compounds (Nawar, 1977). Studies indicated that the near carboxyl group is the 
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preferential cleavage of saturated triglycerides (Nawar, 1977; Vajdi et al., 1978), while the 
double bond site is the preferential cleavage of unsaturated compounds by irradiation 
(Delincee, 1883). Micellar linoleic acid was much more prone to radiation-induced 
peroxidation than linolenic or arachidonic acid. The changes of lipids by irradiation affect 
less than 0.2% of the total lipids at absorbed doses up to 50 kGy and do not change the 
nutritional values of the food. In meats, the lipid oxidation was not influenced by irradiation 
with vacuum packaging (Ahn et al., 2000b). 
Proteins, peptides, and amino acids 
Irradiation can break hydrogen bonds and other linkages of protein rustling in 
deamination at high dose level and the three dimensional structure of protein can be 
denatured. Diehl (1995) concluded that the denaturation is much less extensive than that 
caused by heating. The viscosity of a fibrous protein solution decreases by irradiation and 
globular proteins irradiated in dilute solutions undergo aggregation reactions resulting in 
increase of viscosity (Delincee and Radola, 1975). Uzunove et al. (1972) reported that a 30% 
decrease of protein solubility in beef irradiated at 10-kGy dose. The prevalence of ammonia 
and pyruvic acid in irradiated meats indicates that deamination plays a greater role than 
decarboxylation. In general, aromatic and sulfur-containing amino acids are the most 
susceptible amino acids to irradiation. Cystein, cystine, and methionine act as free radical 
scavengers and they react more readily with free radicals than aliphatic amino acids 
(Delincee, 1983). Hydrogen abstraction from cystein forms cystein radical and produces 
hydrogen, hydrogen sulfide, and cystine. When cystine is irradiated, splitting of disulfide 
bridge is the most important reaction (Diehl, 1995). Phenylalanine and tyrosine also react 
readily with the transient species of water radiolysis, but the hydroxylation of the aromatic 
ring is the principal reaction. Histidine belongs to radiation-sensitive amino acids and the 
deamination of histidine produces ammonia from both imidazole ring and side chain. Amino 
acids susceptible to radical attack are often much less sensitive when they are deeply buried 
in a protein structure because they are more or less inaccessible to radical reaction. In 
addition to the scission of C-N bonds in the backbone of polypeptide chains, other reactions 
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such as splitting of disulfide bridges can cause degradation of large polypeptides to smaller 
ones (Diehl, 1995). 
Vitamins 
Water-soluble vitamins react with the radiolytic products of water, while fat-soluble 
vitamins react with free radicals formed by the radiolysis of lipids. Not all vitamins have the 
same sensitivity to irradiation. Thiamine is the most radiation-sensitive and other B vitamins 
are quite resistant to irradiation-induced destruction (Woods and Pikaev, 1994). Vitamin C 
can act as antioxidants against irradiation-induced changes, but their activity will be reduced 
or destroyed. Vitamin C is converted to dehydroascorbic acid by ionizing radiation, but it has 
nearly the same reactivity as the native form of vitamin C. Procto and O'Meara (1951) 
studied the retention of L-ascorbic acid in oxalic acid solution exposed to 3 MeV electron 
rays and found that freezing has a strong protective effect. Vitamin A and E are the only fat-
soluble vitamins affected by irradiation (WHO, 1994). a-Tocopherol is the most radiation-
sensitive fat-soluble vitamin (Olson, 1998), but can act as an antioxidant against irradiation-
induced changes. Vitamin D does not undergo any radiolytic change up to a dose of 50 kGy. 
Heme Pigments in Meat 
Introduction 
Color of meat is a prime sensory quality parameter in determining the selection or 
rejection of consumers for the product. Consumers can rapidly assess the visual appearance 
of fresh meat and it causes an immediate positive or negative psychological response (Nanke 
et al., 1998), and the response evaluates not only the product preference but also the product 
quality such as safety concern and storage history. Consumers have learned what the color of 
fresh meat should be and can easily note any deviation from the set standard (Kropf, 1980; 
Seideman et al., 1984). Therefore, meat color is a crucial criterion on which premium price 
can be assessed. The reduction of cost due to discoloration at the retail level could be 
estimated in excess of 700 million dollars per year in the case of U.S. beef industry (Liu et 
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al., 1995). The cost reduction caused by color problem in other species should be 
considerable amounts as well. 
The chemical status of heme pigments, the main components that produce meat color, 
is changed by various conditions surrounding the meat. Although irradiation can increase 
microbial properties during the meat storage, it also can be a crucial factor influencing meat 
color. A more appropriate understanding and education of any perceived changes in the 
appearance of an irradiated meat product would be needed for consumers. The knowledge of 
formation and stability of color in irradiated meat is also important for the meat industry that 
is willing to introduce the irradiation technology for the meat safety. 
Heme pigments in meat 
Color of meat depends upon the chemical structure of heme pigments, muscle 
structure, and environmental conditions, but the most crucial attribute is the concentration 
and chemical status of heme pigments. There are three representative heme pigments, which 
include myoglobin, hemoglobin, and cytochrome c. However, myoglobin is the main heme 
pigment in case of well-bled muscle tissues and it constitutes about 70 to 95 % of the total 
pigment (Rickansrud and Hemickson, 1967; Fox, 1987; Judge et al., 1989). Some oxygen 
utilizing enzymes such as catalases and cytochrome c can also act as a pigment, but their 
contribution to meat color is marginal (Bandman, 1987; Pikul et al., 1986). The pigments 
consist of two components: one is iron heme ring - the nonprotein portion, and the other is 
globular globin protein. Myoglobin and cytochrome c molecule consist of a globin and an 
iron heme ring, whereas hemoglobin consists of four subunits. The amino acid residues of 
globin are oriented so that their hydrophobic portion points inward. The only polar amino 
acids inside myoglobin are two histidines, which have a critical function at the heme-binding 
site (Bandman, 1987). The heme portion of the pigment is special interest because the 
characteristic color of meat is partially dependent on the oxidative state of the iron within the 
heme ring (Judge et al., 1989). The fifth ligand of heme ring is linked to proximal histidine in 
fresh muscle. 
The concentration of heme pigments is as critical as chemical state of pigment for 
meat color (Nocito et al., 1973). Heme pigment concentration varies with animal age, 
I 
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species, and muscle type. Myoglobin concentration increases with the age of animal. The 
contents of myoglobin in beef cuts range from 4 to 10 mg/g wet tissue and pork cuts from 1 
to 3 mg/g wet tissue (Kauffman and Briskey, 1971). The leg and thigh muscles of poultry 
have 5 to 10 times more heme pigments than their breast muscles (Saffle, 1973). The 
myoglobin content in poultry red muscles is 1.0 to 2.5 mg per/g wet tissue, whereas the 
content in white muscles is 0.5 mg/g wet tissue or less (Pearson and Young, 1989; Romans et 
al., 1994). Therefore, the phenomena of color changes in beef are different from those in 
pork loin or poultry breast muscles. The meats of ducks and geese, particularly in the breast 
muscle, contain many times more heme pigments that those of chickens or turkeys (Saffle, 
1973). 
Chemistry of heme pigments 
The reflectance or absorbance spectrum of a heme pigment reflects the oxidation 
status of heme iron and the binding of a ligand molecule to the sixth coordinate of heme ring. 
The ability of heme iron to coordinate with a sixth ligand is different by the chemical state of 
heme iron. When heme iron is in oxidized form (ferric state), it cannot combine with any 
other molecules but water molecule. When heme iron is in reduced form (ferrous state), it 
can combine with a compound that can act as a sixth ligand (Judge et al., 1989). Table 1 
shows various conditions of heme iron and sixth ligand that determines the color properties 
of myoglobin. 
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Table I. The color properties of myoglobin depending on the chemical state of iron atom and 
a color-generating ligand 
Heme protein Heme iron Li sand Color Name 
Globin Ferric H2O Brown Metmyoglobin 
Globin Ferrous o2 Bright red Oxymyoglobin 
Globin Ferrous - Purple Deoxymyoglobin 
Globin Ferrous NO Pink NO-myoglobin 
Globin Ferric NO Brown NO-metmyoglobin 
Globin Ferrous CO Pink CO-myoglobin 
Globin Ferrous S Green Sulfmyoglobin 
- Ferrous NO Pink Hemochrome 
- Ferric NO Brown Hemichrome 
Denatured globin Ferrous NO Pink Nitrosyl hemochrome 
Denatured globin Ferric NO Brown Denatured hemichrome 
Denatured globin Ferrous CO Pink Denatured CO-hemochrome 
Myoglobin forms in raw meat 
Bright red is generally considered a desirable fresh meat color except for poultry 
breast muscles. Pale purple is normal color for poultry breast meat due to very low heme 
pigment concentration in breast muscle. Although three common forms of myoglobin in 
fresh meat exist at different proportions, fresh meat color is imparted by mainly bright red 
oxymyoglobin and purple deoxymyoglobin (Ghorpade and Comforth, 1993). Oxymyoglobin 
has a reduced heme iron combined with oxygen as a sixth ligand and this molecule imparts 
bright red color, desirable for fresh meat. The bright red color of fresh meat depends on the 
depth of oxymyoglobin, which is determined by oxygen partial pressure, oxygen diffusion 
rate, and oxygen consumption rate at meat surface (Giddings, 1977). 
When myoglobin is in reduced conditions by normal enzyme activities in meat, the 
enzymes use up all oxygen available inside the muscles. Therefore, the pigments in the 
middle of meat are usually in the reduced form and weakly bind with water molecule or are 
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stabilized by distal histidine of globin (Lehninger, 1982). The color of such pigment is purple 
and is called deoxymyoglobin or reduced myoglobin. 
Discoloration in fresh meat is mainly caused by oxidation of heme pigment to 
metmyoglobin, which generates unattractive brown color. If oxygen partial pressure is low in 
meat, heme iron of myoglobin becomes oxidized into a brown color. The occurrence of many 
portion of metmyoglobin in fresh meat is not desirable because most consumers consider the 
meat as an old or low quality. Differences between species and muscles in their ability to 
form metmyoglobin vary depending upon the concentration of mitochondria, activity of 
mitochondrial enzymes, and content of accessory factors (Renerre, 1999). Partial or complete 
loss of tertiary structure of globin results in an increased rate of oxymyoglobin oxidation 
(Livingston and Brown, 1981). The brown discoloration of fresh meat is predominantly 
found in spoiled meat. Even in fresh meat, however, discoloration can occur. Meat 
illuminated with light results in relatively high autoxidation of purified myoglobin (Kropf, 
1980). Autoxidation is more rapid with deoxymyoglobin because oxymyoglobin is more 
stable due to hydrogen bonding between the bound oxygen and the distal histidine (Giddings, 
1977; Renerre, 1999). The brown oxidized color can be turned into bright red color when 
exposed to air or purple red under absolute vacuum conditions. The bright red color 
development is known as blooming or oxygenation. 
Myoglobin forms in cooked meat 
Cooked meat color must be grayish brown, which is hemichrome or denatured 
metmyoglobin. Machlik (1965) investigated the thermal stability of different forms of 
myoglobin in crude meat homogenates and pure myoglobin solutions. Metmyoglobin 
denatured at the lowest temperature. Oxymyoglobin had an intermediate denaturation 
temperature and deoxymyoglobin denatured at the highest temperature. These results were 
supported by Hunt et al. (1999) who found greater denaturation in patties with oxy- and 
metmyoglobin compared with deoxymyoglobin. 
The brown pigment could be partially reversible to red color during refrigerated 
storage (Froning et al., 1968). If the heme portion of a pigment is partially denatured by 
cooking or irradiation, heme can be released or hemochrome formation can be facilitated. 
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The main heme pigment responsible for the red pigment in cooked meat is a nicotinamide 
denatured globin-hemochrome and the oxidation-reduction potential of meat is the most 
important factor in the pink color defect of cooked turkey (Comforth et al., 1986). Most 
purified metmyoglobin is denatured at 80 to 85°C end-point temperatures and their heat 
stability increases with the pH increase at the pigment solution (Satterlee and Zachariah, 
1972). In some cases, pink color, which will be explained later in detail, can be found even in 
fully cooked meat. Therefore, the internal end-point temperature of cooked meat was the 
only believable indicator of degree of doneness (Howe et al., 1982). 
The brown color of cooked meat is detectable when approximately more than 60 
percent of myoglobin is in metmyoglobin form. Metmyoglobin formation is accelerated by 
the conditions that cause denaturation of protein portion of myoglobin and by oxidation 
under low oxygen conditions. Pigment denaturation is increased by lowering pH of meat. 
Thus, addition of phosphates to the meat can reduce the amount of denaturation due to the 
increased pH, whereas the addition of NaCl increased heat denaturation rate of myoglobin. 
The reverse effect of NaCl and phosphates were observed with cytochrome c (Ahn and 
Maurer, 1989). Cytochrome c is very stable against heat denaturation and can resist 
denaturation at 105°C (Cornish and Froning, 1974). 
The color of fat portion of meat changes very little during cooking except for the 
surface browning that contributes greatly to the attractive appearance of meat cooked by dry 
heat. The surface browning is the result of fat decomposition and polymerization with 
carbohydrate and protein decomposition products (Judge et al., 1989). 
Oxidation-reduction potential 
The metmyoglobin-reducing enzyme systems are important because metmyoglobin is 
unable to bind oxygen reversibly. This enzyme was classified as NADH-cytochrome bg 
reductase. a-Tocopherol maintained oxymyoglobin by the enhancement of cytochrome b5-
mediated reduction of metmyoglobin (Lynch et al., 1998). Metmyoglobin reductase can be 
acted in the presence of NADH and NADPH (Hagler et al., 1979). The reduction in meat is 
related with NADH as coenzyme, which facilitates the conversion of ferrimyoglobin to its 
ferrous form (Renerre, 1999). The reduction of metmyoglobin involves an enzyme system 
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and the reducing activity increases with a pH increase (Walter and Taylor, 1965). Reducing 
activity of ascorbic acid salts significantly accelerated the reduction of metmyoglobin or NO-
metmyoglobin (Judge et al., 1989). 
Oxymyoglobin is considerably stable and is not easily oxidized to metmyoglobin 
under reducing conditions (Judge et al., 1989). Once meat is oxidized by longer storage, 
however, it is difficult to revert the meat into a reduced condition. Once reducing equivalents 
in the meat are exhausted, complete metmyoglobin formation occurs (Ledward, 1984). 
Therefore, along with heme complex formation, oxidation-reduction potential of meat also is 
very important for color changes since the color intensity of ferrous heme pigment is stronger 
than that of the ferric state. 
Color changes by pH 
There is a strong relationship between broiler breast meat color and muscle pH 
(Fletcher, 1999). The oxygen partial pressure in meat also depends on temperature and 
ultimate pH of muscle. A low ultimate pH enhances myoglobin oxidation and may lead to 
browning or fading of color. Low pH decreases the stability constant of heme-globin linkage 
and increases autoxidation rate. At pH values below 5.0, the protonation of bound oxygen is 
accelerated and the release of superoxide anion is favored. The unfolding of globin moiety 
allows much easier attack of water molecule or hydroxyl radical (Faustman et al., 1996). 
Heat and low pH enhance autoxidation of myoglobin and are responsible for color fading 
observed in pale-soft-exudative (PSE) pork. The paleness of PSE meat is caused by the high 
proportion of extracellular free water. The high free water in tissues increases the reflecting 
surface and the color intensity is greatly reduced and L-value increased (Judge et al., 1989; 
Barbut, 1996). 
A high ultimate pH maintains respiratory activity and causes dark meat where 
deoxymyoglobin predominates (Livingston and Brown, 1981). High pH tissue also can have 
high oxygen consumption rate due to increased enzyme activities. The color of high pH meat 
is usually darker than normal meat. In dark-cutting beef (dark-firm-dry, DFD), the high pH 
accelerates respiratory activity of the tissue and formation of purple deoxymyoglobin. Dark-
cutting beef had lower oxidation-reduction potential than controls (Moiseev and Comforth, 
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1999), but it can be autoxidized more rapidly than normal meat. Especially, under vacuum 
conditions, the production of hydrogen sulfide forms the sulfmyoglobin that involve a ferrous 
heme iron as an intermediate (Renerre, 1999). The high pH of meat can influence the meat 
color after cooking. Schmidt and Trout (1984) reported that persistent pinking in ground 
beef, pork, and turkey was caused by high pH inhibiting formation of a normal brown cooked 
color, especially in beef. High pH meat remained pink when cooked because less myoglobin 
had denatured (Trout, 1989). Mendenhall (1989) also found that ground beef patties with 
higher pH had redder appearance when cooked to 71°C and the color was more intense as the 
concentration of myoglobin in the meat increased. 
Pink color defects in poultry meat 
A pink color in uncured poultry meat is a major concern. Especially in uncured 
cooked poultry breast meat, a pink color is considered a defect because consumer suspects 
such meat as an undercooked or contaminated with chemicals. The generation of pink defect 
has been attributed to the completely undenatured myoglobin, contamination with nitrite or 
nitrate (Froning et al., 1969), severe stress at preslaughtering stages (Ngoka and Froning, 
1982), or absorption of combustion gases such as nitric oxide or carbon monoxide (Froning 
et al., 1969). Insufficient heat processing promotes the pink color associated with 
undenatured meat pigments. 
Poultry breast meat was more susceptible to pinking than highly pigmented beef in 
the presence of sodium nitrate in added soy protein isolates (Heaton et al., 2000). Although 
usual concentration of nitrate and nitrite in turkey breast meat was not high enough to cause a 
pink color defect, the possibility of pinking may be high by nitrate or nitrite under certain 
combined conditions such as high nitrate levels in feed or water supplies, a high microbial 
load, and long storage conditions (Ahn and Maurer, 1987). Ahn and Maurer ( 1987) reported 
that as little as 1 ppm nitrite in turkey caused a pink color. They also reported that the level of 
nitrate and nitrite in the raw turkey breast ranged from 0 to 0.7 ppm nitrite and 3.8 to 21 ppm 
nitrate. Nitrites or nitrates can also be found in water used to chill carcasses (Nash et al., 
1985). The heme complex forming ligands such as pyridine and its derivatives was suggested 
as possible nitrite substitutes to fix meat color. During cooking in a gas oven, as little as 0.4 
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ppm of nitrogen dioxide gas caused pinking of turkey roll, but the solubility of nitrogen 
monoxide gas at meat surfaces was not great than nitrogen dioxide (Cornforth et al., 1998). 
The pink color generated by nitrite can be identified easily by acetone-HCl extraction 
(Homsey, 1956). 
The heme complexes have a strong effect on the redness of the cooked meat 
especially under reduced conditions. It is apparent that reducing conditions can facilitate pink 
color since the pink color results only when the heme iron is in the ferrous reduced state. 
Oxidation-reduction potential measurements of cooked turkey rolls showed that hemochrome 
formation was promoted by reducing conditions and prevented by oxidizing conditions 
(Cornforth et al., 1986). Cytochrome c has been suggested as a contributing factor to pink 
color development in cooked turkey breast meat. Girard et al. (1990) stated that cytochrome c 
was responsible for the pink color in both turkey breasts and pork loins. The half-
denaturation temperatures of hemoglobin, myoglobin, and cytochrome c were 62, 78.5 and 
105°C, respectively (Cornish and Froning, 1974). Ahn and Maurer (1990) reported that 
binding of denatured ferrocytochrome c with several ligands could form the pink color of 
turkey breast. The cytochrome c content of poultry meat was closely correlated to the color 
of meat (Pikul et al., 1986). 
The pinking in poultry was inhibited by the addition of some ingredients such as 
nonfat dry milk or citric acid (Dobson and Cornforth, 1993). Phosphates increased the heat 
stability of myoglobin and decreased the heat stability of cytochrome c (Ahn and Maurer, 
1989). Salt was also reported to decrease the heat stability of myoglobin but increase the 
heat stability of cytochrome c (Ahn and Maurer, 1989). 
Heme Pigments in Irradiated Meats 
Color of irradiated meats 
Irradiation is an emerging method to control the pathogenic microorganisms in raw 
meat effectively, but significantly influence color of meat. When water was mixed with 
metmyoglobin and gamma-irradiated, the color of the solution became red (Bernofsky et al., 
1959). Gamma-irradiation converted the brown metmyoglobin to a red pigment, which is 
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similar but not identical to oxymyoglobin (Satterlee et al., 1971). The color changes in 
irradiated meat vary depending on various factors such as irradiation dose, animal species, 
muscle type, and packaging conditions (Satterlee et al., 1971; Shahidi et al., 1991; Millar et 
al., 1995; Luchsinger et. al., 1996; Nanke et al., 1999). Paul et al. (1990) showed that freshly 
ground mutton irradiated at 2.5 kGy had better color than unirradiated samples. Millar et al. 
(1995) found that irradiated chicken breasts had a definite change from the usual brown or 
purple color to a more vivid pink or red color as a result of 5.0 kGy of ionizing irradiation in 
oxygen-permeable film. Shahidi et al. (1991) proposed that irradiation might increase the 
reducing potential of sodium ascorbate, and thus, freshly irradiated pork patties had higher 
Hunter a*-values than unirradiated patties in vacuum packaging. Irradiation increased the 
redness in dor si muscle of pork, but decreased the redness of psoas and femoris muscles in 
vacuum packaging (Ahn et al., 1998a). Irradiation increased the redness of femoris, 
senitendinosus, and semimembranosus muscles of pork in vacuum packaging (Nanke et al., 
1998). 
Irradiation can induce red color not only in vacuum packaged but also partly 
aerobically packaged meat. Irradiated pork loin muscles had increased redness and the 
increased pink color was very stable during refrigerated storage in even aerobic packaging 
conditions (Ahn et al., 1998a). But the red color formed by irradiation has been more intense 
and stable in anoxic than aerobic conditions. Irradiation of vacuum-packaged pork chops 
produced a redder and more stable display of color than unirradiated controls (Luchsinger et 
al., 1996). Satterlee et al. (1971) reported that the presence of air slightly inhibited the 
formation of red color in irradiated bovine metmyoglobin solutions. Nanke et al. (1998) 
reported that irradiated raw pork and turkey became redder in anaerobic conditions, and their 
reflectance spectra showed that irradiation induced the formation of an oxymyoglobin-like 
pigment in pork. 
In some cases, sensory panelists preferred the color of irradiated products to 
nonirradiated ones. Lefebvre et al. (1994) reported that panelists considered the color of raw 
meat irradiated in vacuum packaging was better than that of the reference samples. The 
persistent pinkness, however, would be a quality defect in irradiated cooked or precooked 
irradiated meat. Tappel (1957) noted that when precooked meat was irradiated, the normal 
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gray-brown hematin pigments were converted to uncharacteristic red pigments. The brown 
color of cooked meat is partially converted to red by ionizing radiation. An objectionable red 
color in radiation-sterilized cooked chicken meat was found in the absence of oxygen 
(Hanson et al., 1963). The increased red color in cooked meat may be a problem as in 
described in 'pink color defects". But there has been little research on the effect of cooking 
on the color of irradiated meat. 
Chemical states of irradiated meat pigment 
The spectra of myoglobin derivatives vary considerably depending on the states of 
heme-iron and the molecule bound to the 6th ligand of heme iron. Satterlee et al. ( 1971) 
reported that the red pigment formed by gamma irradiation of bovine metmyoglobin had 
absorption maxima at 580, 540, and 412 nm. They also noted that this compound was similar 
to oxymyoglobin in its absorption maxima at 580 and 540 nm, but not identical to 
oxymyoglobin, which has an absorption maximum at 420 nm. 
Millar et al. (1995) postulated that irradiated chicken breasts had a definite color 
change and the pink color might be a ferrous myoglobin derivative such as carboxy-
myoglobin or nitric oxide-myoglobin other than oxymyoglobin. Millar et al. (1996) also 
reported that the absorption spectrum of oxymyoglobin was easily distinguishable from that 
of nitric oxide-myoglobin by having 'a' peak (582 nm), which was higher than 'b' peak 
(544nm) with a sharp trough in between two peaks. In nitric oxide-myoglobin, this trough is 
less sharply delineated and the 'b' peak (548nm) is higher than 'a' peak (579 nm). Satterlee 
et al. (1971) reported that the greatest amount of red myoglobin pigment was formed in 
nitrogen atmosphere rather than oxygen atmosphere. However, there is little detailed 
information on the identification of this irradiated meat pigments. 
Effects of irradiation on heme pigment 
Ionizing radiation has a sufficient energy to activate orbital electrons from atoms 
when it passes through meat. This incidence can cause secondary electrons to be ejected and 
generate charged radicals, and various radiolytic radicals could be produced from water by 
irradiation. The radicals can induce lipid oxidation directly or indirectly. Hydrated electrons 
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(aqueous e"), a radiolytic radical, can act as a very powerful reducing agent, and react with 
ferricytochrome and produce ferrocytochrome (Swallow, 1984). Hannah and Simic (1983) 
reported that the redox properties of irradiated meats are shifted towards more reducing 
conditions. Irradiated meats need reducing conditions to maintain heme iron at ferrous state 
because heme affinity was found to be 60 times greater in deoxymyoglobin compared to 
metmyoglobin (Hargrove and Olson, 1996). Giddings and Markakis (1972) proposed that the 
formation of oxymyoglobin-like pigment after irradiation could be caused by the reduction of 
heme iron by a radiolytic product of water such as hydrated electron followed by 
oxygenation from either residual oxygen or oxygen generated during irradiation. 
Tappel (1956) found a bright red color after gamma irradiating fresh meat in an inert 
atmosphere, and postulated that this bright red pigment was oxymyoglobin formed by 
metmyoglobin reacting with hydroxyl radicals in the irradiated solution. Giddings and 
Markakis (1972) reported that ferrylmyoglobin was produced from irradiated metmyoglobin. 
It was concluded that hydrogen peroxide and other radiolytic products of water were 
responsible for the production of ferrylmyoglobin. 
At medium-dose level of irradiation, the three-dimensional structure of proteins can 
be denatured. At high dose level, irradiation can break the hydrogen bonds and other linkages 
of protein and results in deamination. Brown and Akoyunoglou (1964) proposed that gamma 
irradiation split small peptides from globin protein and induced deamination from myoglobin 
molecule. 
Ligand forming compounds in irradiated meat 
Fresh meat color is determined by the oxidative status of heme iron and the sixth 
ligand molecule attached to the heme iron. Therefore, any conditions that can change the 
status of heme-iron that produce new ligand compounds in meat can influence color of meat. 
Many ligands can bind to the iron atom in heme-ring in myoglobin and the resultant bonds 
are responsible for the various colors observed in meat (Millar et al., 1996). Ligand-forming 
compounds that can produce a pink hemochrome in nonirradiated cooked meats were 
nicotinamide (Schwarz et al., 1999; Claus et al., 1994; Cornforth et al., 1993) and ammonia 
(Shaw et al., 1992). Cornforth et al. (1986) determined that heat-denatured myoglobin 
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reacted with nicotinamide under reducing conditions to form a pink, nicotinamide-denatured 
globin hemochrome in poultry. Furthermore, higher endpoint temperatures, slower chilling 
rates, and increased storage time promoted the pink defect formed by nicotinamide-denatured 
globin hemochromes (Claus et al., 1994). 
Irradiation also produces ligand-forming compounds that can act as a sixth ligand of 
myoglobin. Giddings and Markakis (1972) reported that hydrogen peroxide and other 
radiolytic products of water were responsible for the production of ferrylmyoglobin, which 
was produced from irradiated metmyoglobin. Thiols are particularly susceptible to attack by 
free radicals and hydrogen sulfide was produced when cysteine was irradiated (Woods and 
Pikaev, 1994). Swallow (1984) also noted that when sulfhydryl group and peptide bond were 
attacked by hydrated electrons, gas compounds such as hydrogen sulfide and ammonia were 
produced. Green pigment was formed during gamma-irradiation of meat because of 
hydrosulfide produced from glutathione or thiol-containing compounds (Fox and Ackerman, 
1968). Satterlee et al. (1971) also suggested that the red pigment after irradiation could be 
formed by the loss of amide nitrogen from heme protein, the addition of a small molecule to 
heme iron, or the conversion of ferric heme iron to ferrous form. Comforth et al. (1991) 
suggested that irradiation may also produce nitric oxide or other precursors to the cured meat 
pigment, nitrosyl hemochrome, particularly if nitrite or nitrate ions are present. Thomas 
( 1999) noted that nitric oxide radical could be generated from nitrogen-containing amino acid 
(arginine) by an oxidative stress such as irradiation. 
Furuta et al. (1992) reported that considerable amounts of carbon monoxide were 
produced by radiolysis of organic components in irradiated frozen meat and poultry. Carbon 
monoxide can be produced from various types of organic compounds such as alcohols, 
aldehydes, ketones, carboxylic acids, amides, and esters as a radiolytic product (Woods and 
Pikaev, 1994). Radiolytic carbon dioxide also can be produced from carboxylic fatty acids 
and esters, and hydrogen, carbon monoxide and methane are largely formed from acetone at 
extremely high electron dose rates (Simic et al., 1979). Low concentration (0.4%) of 
carboxymyoglobin in modified atmosphere packaging resulted in higher a*-values in beef 
and pork (Sorheim et al., 1999). 
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Myoglobin exhibits marked differences in reactivity toward diatomic ligands such as 
oxygen, nitric oxide, and carbon monoxide. The affinity of CO to ferrous myoglobin was 100 
times greater than that of metmyoglobin (Hargrove and Olson, 1996). The ligand binding 
kinetics shows that oxygen binding to deoxymyoglobin requires displacement of a non-
coordinated distal pocket water molecule, in-plane movement of the iron to form 
hexacoordinate complex, and formation of a hydrogen bond between histidine-64 and second 
bound oxygen atom (Olson and Phillips, 1996). 
Prevention of Off-Color 
Effect of non-meat ingredients 
The use of non-pink generating ligands (chelators) can inhibit the binding of pink 
generating ligands. Several chelators have been added to poultry meat to reduce the pink 
defects. Schwarz et al. (1997) determined that pink color in cooked uncured ground turkey 
was successfully inhibited by the addition of 3% nonfat dry milk in the presence of pink 
generating ingredients (150 ppm nitrite and 1% nicotinamide). Of the fourteen ingredients 
evaluated, trans l,2-diaminocyclohexane-N,N,N',N' tetraacetic acid monohydrate (CDTA), 
diethylenetriamine pentaacetic acid (DTPA), ethylenedinitrilo-tetraacetic acid disodium salt 
(EDTA), and nonfat dried milk were the most effective in reducing the pink defect in 
samples produced with added nicotinamide or nitrite. These chelators have the potential to 
bind heme iron, particularly upon unfolding or denaturation of the globin during heat 
processing. Dairy proteins including nonfat dry milk, sodium caseinate, whey protein 
concentrates, and a milk protein concentrate were evaluated for their ability to reduce pink 
color in ground turkey samples and all of the dairy proteins reduced a*-values in 
nicotinamide treated samples (Slesinksi et al., 2000a,b). These authors found that whey 
protein concentrate at level as low as 1.5% was effective in reducing a*-values regardless of 
ligand treatment, whereas sodium caseinate was not. 
Incorporation of 0.3% citric acid in cooked ground turkey, formulated with 1% 
nicotinamide, reduced the redness by 63% compared to the control samples (Kieffer et al., 
2000). Citric acid also reduced the pink color in sodium nitrite-treated (10 ppm) samples by 
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43% compared to the control. Polyphosphates, including sodium tri polyphosphate, are 
excellent metal chelators and inhibitors of lipid oxidation. However, when added to raw 
meat, they are ineffective due to rapid hydrolysis to monophosphate by endogenous 
phosphatase enzymes (Lee et al., 1998). Food-grade oxidants were compared for prevention 
of undesirable raw appearance of cooked dark-cutting beef patties (Moiseev and Comforth, 
1999). Lactic acid showed acceptable cooked appearance and increased myoglobin 
denaturation during cooking, but produced a tangy off-flavor. Calcium peroxide increased 
myoglobin denaturation by 69%, but caused excessive oxidation. 
Reducing power 
The simplest and most easily reversible discoloration is brown hue that develops 
when oxygen partial pressure is reduced and oxidation to metmyoglobin is favored (Fox, 
1987). Specific attention is given to metmyoglobin reduction and antioxidant approaches for 
minimizing oxymyoglobin oxidation (Faustman et al., 1996; Reddy and Carpenter, 1991). 
The metmyoglobin reducing enzyme system called metmyoglobin reductase is important 
because metmyoglobin is unable to bind oxygen reversibly (Faustman et al., 1988). The 
reduction in meat is related with NADH as a coenzyme, which facilitates the conversion of 
ferrimyoglobin to its ferrous form (Anderson and Skibsted, 1992). Oxymyoglobin was 
maintained by a-tocopherol enhancing the reduction of metmyoglobin (Lynch et al., 1998). 
Meat contains negligible amounts of ascorbic acid and the addition of ascorbic acid to meats 
may be beneficial for inhibiting metmyoglobin formation (Lee et al., 1999). 
Effect of oxygen 
Nanke et al. (1999) reported that there was more rapid discoloration of irradiated 
meat in aerobic packaging than unirradiated samples during display. The primary cause of 
discoloration in irradiated meat color may be attributed to oxidation by the reaction of free 
radicals and oxygen. Various antioxidants such as ascorbate, tocopherol, and sulfhydryl 
compounds may be able to control and reduce the discoloration of irradiated meat under 
aerobic conditions by scavenging free radicals. 
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At the beginning stage of storage, the degree of oxygen penetration in meat increases 
due to the decrease in oxygen consumption by mitochondria (Bendall and Taylor, 1972). At a 
few mm below the surface, there is a region where the oxygen partial pressure is in the 
optimum range for the formation of a metmyoglobin layer (Ledward, 1970). Packaging with 
high oxygen partial pressure can extend fresh meat color shelf life (Taylor and MacDougall, 
1973). At high oxygen tension, oxymyoglobin can persist for several days before 
discoloration occurs. Vacuum-packaged meats have mainly purple deoxymyoglobin if the 
partial oxygen pressure reaches zero (Lawrie, 1983). Attempts are made to utilize anoxic 
atmospheres in master packs for shipment to retail and subsequent display the meat cuts in 
traditional oxygen-permeable packaging to improve blooming. Failure to remove oxygen (to 
less than 1%) completely, however, can result in prooxidant conditions associated with low 
partial oxygen pressure. Therefore, packaging environment can impact significantly partial 
oxygen pressure and the vacuum is the simplest way to reduce oxygen residual concentration 
to less than 0.1%. The use of modified atmosphere packaging can discolor fresh meat 
because the inner gases such as carbon dioxide or nitrogen lower the pH or partial oxygen 
pressure and results in brown color (Seideman et al., 1984). Low pH will also cause 
myoglobin to be readily oxidized to metmyoglobin (Seideman et al., 1984). Therefore, the 
discoloration concepts can be conversely utilized in preventing the chances for ligand 
forming and decreasing pink color intensity previously described in 'pink color defects'. 
Lipid Oxidation 
Rancidity 
Meat have a pleasant and characteristic flavor due to highly desirable taste and aroma 
compounds. While meat tastes are relatively constant and stable, the aroma of meats is 
unstable and tends to form off-odors. A major cause of muscle food deterioration is oxidative 
rancidity recognized as a serious problem during the holding or storage of meat products 
(Melton, 1983; Gray et al., 1996). In addition to the formation of hydroperoxides, the 
peroxides may broken down to carbonyl and form polymers or react with proteins, vitamins, 
and pigments (Gray, 1978; Karel, 1973). The breakdown products of lipid oxidation such as 
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carbonyl compounds, hydrocarbons, and furans can contribute to flavor deterioration of 
muscle foods (Ladikos and Lougovois, 1990; Murano, 1995b). Off-odors developed in meat 
products cause large losses in meat industry and are an unsolved problem worldwide 
(Melton, 1983). The importance of preventing off-odor in meats led the focuses of current 
meat research in identifying off-odor volatiles, and characterizing factors involved in the 
production and preventing those off-odor compounds. During processing steps, increase in 
temperature, UV lighting, presence of metal ions, and ionizing radiation can affect the rate of 
lipid oxidation (McMillin, 1996). Superoxide anion radical, hydrogen peroxide, hydroxy I 
radical, and ferrlymyoglobin radical are potential initiator or propagators of lipid oxidation. 
Warmed over flavor is the most frequently used term to describe unpleasant flavor of 
reheated cooked meat associated with oxidation, which was characterized as 'cardboard' and 
'painty' (Love and Pearson, 1971; Asghar et al., 1988). Wu and Sheldon (1988) suggested 
that warmed over flavor in cooked meat is related to lipid oxidation and phospholipids are 
the main source of oxidation. Any degree of lipid oxidation in raw meat accelerates the 
development of oxidized off-flavors in cooked meat due to the free radical chain reaction of 
lipid oxidation (Rhee, 1989). The rate of oxidation is much quicker in cooked meat due to the 
damage in phospholipid structure during cooking (Ahn et al., 1992). Malonaldehyde is a 
secondary oxidation product of polyunsaturated fatty acids and TEARS measures the 
malonaldehyde contents in meat. Hexanal, an oxidation product of linoleic acid, was also 
used as an indicator of lipid oxidation (Melton, 1983). Ang and Lyon (1990) illustrated that 
the intensities of cardboard, warmed over, rancid, and overall off-flavor characteristics 
increased with the increase of TEARS and headspace aldehyde contents. Ang and Lyon 
(1990) also reported that propanal, pentanal, hexanal, and total volatiles were highly 
correlated with the TEARS values of pork. 
Lipid and myoglobin oxidation 
The oxidation of fatty acids influences not only odor and texture but also color. The 
presence of oxidized unsaturated fatty acids may affect the color of fresh meat. Primary 
changes during lipid oxidation are the production of free radicals and peroxides such as 
superoxide anion, hydrogen peroxide, hydroxy! radical, and ferrylmyoglobin radical. Color 
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deterioration depended on myoglobin autoxidation rate in relation to lipid oxidation (Yin et 
al., 1973). The oxidation of one of either fatty acids or heme pigments can accelerate the 
oxidation of the other and this was referred to cooxidation (Faustman and Cassens, 1990; 
Gatelieret al., 1993). 
Free metal ions such as copper, iron, zinc, and aluminum can catalyze the oxidation 
of oxymyoglobin (Kanner, 1994). Processing of raw meat such as deboning, mechanical 
separation, restructuring, and grinding can also increase lipid and pigment oxidation 
(Renerre, 1999). The disruption of muscle membrane promotes formation of fee radicals by 
the interaction of iron with oxygen. In frozen meat, light in conjunction with oxygen 
increased lipid and color oxidation simultaneously (Berthelsen and Skibsted, 1987). Heme 
pigments had a very strong prooxidant effect in oil emulsions and the addition of iron 
chelators could not stop the oxidation of oil emulsions. Heme iron had no prooxidant effect, 
but ionic iron had a very strong prooxidant effect in raw meat (Ahn and Kim, 1998). 
Superoxide anion radicals generated from membrane electron transfer systems may 
autoxidize oxymyoglobin into metmyoglobin. Ferrous iron also can produce ferric iron and 
free radicals by oxidative stress. Ferrous iron in aerobic aqueous solution produces ferric iron 
plus superoxide anion, hydrogen peroxide, and hydroxyl radical. This reaction is cycled by 
superoxide radical by Haber-Weiss reaction, and ferrous iron in presence of hydrogen 
peroxide can stimulate lipid peroxidation by generating hydroxyl radical by Fenton reaction 
(Renerre, 1999). Hydrogen peroxide interacts with metmyoglobin in muscle tissues to form 
activated metmyoglobin, which promotes (or initiates) lipid oxidation. 
Ferrylmyoglobin was formed by the reaction of metmyoglobin with hydrogen 
peroxide and was a primary instigator of lipid peroxidation (Renerre, 1999). Therefore, 
oxidation of lipid and heme pigment was closely coupled. Lipid oxidation can promote the 
pigment oxidation and vice versa. Lipid oxidation may be a promoter of myoglobin 
oxidation. However, it is not always possible to deduce whether or not the pigment oxidation 
caused lipid oxidation (Renerre and Labas, 1987). 
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Lipid oxidation induced by irradiation 
Ionizing radiation generates hydroxyl radicals and may increase the rate of lipid 
oxidation (Woods and Pikaev, 1994). Besides, irradiation could produce a large amount of 
hydroxyl radicals in meat because over 75% of muscle cells are composed of water (Thakur 
and Singh, 1994). Irradiation-induced oxidative changes were dose-dependent and the 
presence of oxygen had a significant effect on the rate of oxidation (Katusin-Razem et al., 
1992). Irradiation at 1.5 to 10 kGy dosage increased TBARS values in turkey breasts muscles 
when aerobically packaged in oxygen permeable bag (Hampson et al., 1996; Ahn et al., 
2001a). Several off-odor volatile compounds were newly generated or increased in meat after 
irradiation (Patterson and Stevenson 1995; Ahn et al., 2001a). Ahn et al. (1998a) reported 
that high fat content accelerated lipid oxidation in raw meat during storage. They also 
showed that preventing oxygen exposure after cooking was more important than packaging 
and irradiation for the development of lipid oxidation in cooked meat during storage. Chen et 
al. (1999), however, reported that irradiation before cooking did not influence lipid oxidation 
of cooked pork during storage. 
Off-Odor Volatiles 
Irradiation odor 
Approximately 70% of sensory panels characterized irradiation odor as barbecued-
com-like odor (Ahn et al., 1999a; Ahn et. al. 2001a). Many volatile compounds were 
identified from irradiated meats including carbonyls, hydrocarbon, and sulfur compounds 
(Angelini et al., 1975; Nawar, 1978). Numerous volatiles induced by irradiation are dimethyl 
disulfide, carbon disulfide, 3-methyl butanal, 2-methyl butanal, 1-heptene, 1-nonene and 
others. In spite of the large number of compounds identified, it was not possible to identify 
any single compound or mixture of compounds that produce irradiation odor in meat. 
Schweigert et al. (1954) reported that the precursors of the undesirable odor compounds in 
irradiated meat were water-soluble and contained nitrogen and/or sulfur. Patterson and 
Stevenson (1995) isolated those volatiles from irradiated raw chicken by gas chromatography 
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in conjunction with olfactory assessment of the effluent carrier gas and found that dimethyl 
trisulfide was the most potent and obnoxious compound. They also reported that methyl 
mercaptan and sulfur dioxide formed from the sulfur-containing compounds like glutathione 
contributed to some of the irradiation odor. 
One possible hypothesis responsible for the irradiation odor can be the degradation of 
fatty acids induced by ionizing radiation. The degradation of amino acids by oxidative 
deamination-decarboxylation via Strecker degradation may produce branched chain 
aldehydes (Garcia et al., 1991). This could be the mechanism for the formation of 3-methyl 
butanal and 2-methyl butanal from leucine and isoleucine after irradiation. Reineccius (1979) 
suggested that carbonyl compounds were important for irradiation odor and that the intensity 
of irradiation odor was dependent upon oxygen content during irradiation. Ahn et al. ( 1998b) 
reported that propanal, pentanal, hexanal, l-pentanol, and total volatile compounds were 
highly correlated with the TBARS of irradiated cooked turkey meat, and the amounts of 
hexanal and total volatiles in cooked turkey meat. Jo et al. (1999) showed that l-heptene 
content in volatiles was positively related to irradiation dose. Du et al. (2001) showed that the 
production of alkenes and alkanes are associated with irradiation. Irradiation-induced fatty 
acid degradation may be similar to lipid oxidation, especially when oxygen is available. 
Ahn et al. (2000a) suggested that volatile compounds responsible for off-odor in 
irradiated meat were produced by the radiolysis of protein and lipid molecules, and were 
distinctively different from those of lipid oxidation. All irradiated meat produced 
characteristic irradiation odor regardless of degree of lipid oxidation. Several sulfur 
compounds were newly generated or increased in meat after irradiation: dimethyl sulfide, 
dimethyl disulfide and dimethyl trisulfide were among the most prominent sulfur compounds 
produced by irradiation and were responsible for irradiation off-odor in meat (Ahn et al. 
1997,1998b, 1999b). Ahn et al. (2000a) reported that dimethyl disulfide was the most potent 
volatile compound induced by irradiation and might be related to irradiation odor. Ahn et al. 
(2000b) reported that sulfur compounds formed by radiolysis of sulfur-containing amino 
acids might be the major contributors for irradiation odor since sulfur compounds have very 
low threshold for odor detection. 
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Irradiating amino acid in oil emulsion can produce specific volatiles, which are 
associated with irradiation odor (Jo and Ahn, 2000). Irradiating leucine produced 3-methyl 
butanal and isoleucine produced 2-methyl butanal. Dimethyl disulfide was formed when 
methionine was irradiated and carbon disulfide was formed when cysteine was irradiated (Jo 
and Ahn, 2000). This result clearly showed that radiolysis of amino acids played an 
important role in volatile formation after irradiation. Therefore, the production of 
characteristic irradiation off-odor is attributed to not lipid oxidation but radiolytic products of 
sulfur-containing amino acids. 
Effects of pH on volatiles compounds 
The pH values of meat also influenced the yield of sulfur compounds produced 
during cooking. Rao et al. ( 1977) prepared blended broiler breast and thigh meat, and cooked 
at different pH values. Volatile analyses indicated that the production of sulfur compounds 
were the least under neutral pH and increased greatly as meat pH increased. However, the 
yield of carbonyls was highest at neutral pH and lowered as meat pH increased. Therefore, 
citric or ascorbic acid, commonly used ingredient in meat processing as a preservative or an 
antioxidant (Stivarius and others 2002), lowers the pH and will affect the volatile profiles of 
meats. 
Effects of packaging on volatiles compounds 
The odor changes in meat by irradiation are highly dependent on packaging 
conditions because oxygen plays an important role in determining the secondary reactions of 
free radicals with meat components (Merritt et al., 1978; Katusin-Razem et al., 1992). Ahn et 
al. (1998a, 2000ab) compared volatile profiles between meat patties irradiated at aerobic 
conditions and vacuum conditions and found that there were significant differences. Lipid 
oxidation was a significant problem in irradiated meat only when it was stored aerobically 
because oxygen is essential for lipid oxidation. Excluding oxygen from meat protected them 
from oxidative changes almost completely by blocking the initiation step of the chain 
reaction (Ahn et al., 1992). Lee et al. (1996) reported that prerigor beef irradiated with an 
absorbed dose of 2.0 kGy and stored at 2°C in modified atmosphere packaging (25% COi 
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and 75% N%) did not increase lipid oxidation. Significantly higher oxidation occurred for 
those meats irradiated at aerobic conditions, showing the importance of packaging in 
determining the lipid oxidation. Irradiation odor, however, disappeared after one week of 
aerobic storage at 4 °C because of evaporation of sulfur compounds (Ahn et al., 2000b). 
Poultry meat patties packaged and stored under vacuum conditions had significantly 
lower lipid oxidation during storage (Ahn et al., 2000b; Du et al., 2000). Off-odor related to 
irradiation, however, was more problematic in vacuum-packaged meats (Ahn et al., 2000b). 
Sulfur compounds, the main volatiles responsible for irradiation off-odor in meat, are highly 
volatile and easily evaporate under aerobic conditions during storage. However, sulfur 
compounds stayed in meat during storage under vacuum packaging conditions (Ahn et al., 
2001b). Therefore, packaging is a critical factor that affects the quality of irradiated meat. 
Modification of packaging conditions would be an efficient method to minimize the quality 
deterioration in irradiated meat. An appropriate combination of aerobic and vacuum 
packaging conditions can be effective in minimizing lipid oxidation and off-odor volatiles in 
irradiated turkey breast during storage. It may also be effective in reducing the generation of 
pink color in irradiated meat. 
Effects of antioxidants on volatile compounds 
Antioxidants can react with peroxyl or alkoxyl radical and terminate the chain 
reaction of peroxidation by scavenging chain-propagating radicals, and thus, can prevent 
lipid from oxidation (Morel and Chisolm, 1989). Huber et al. (1953) found that the use of 
antioxidants such as ascorbate, citrate, tocopherol, gallic esters, and polyphenols was 
effective in reducing irradiation odor in meat. Antioxidants such as free radical terminators or 
metal chelating agents are commonly used in meat to reduce lipid oxidation and to improve 
sensory quality of cooked meat (Hsieh and Kinsella, 1989; Chen and Ahn, 1998). Free 
radical scavengers such as butylated hydroxyanisole and butylated hydroxytoluene were very 
effective antioxidants both in raw and cooked meat (Ahn et al., 1993), indicating that lipid 
oxidation most likely proceeded via the free radical mechanisms. Natural antioxidants such 
as sesamol, quercetin, and butylated hydroxytoluene were effective in preventing lipid 
oxidation in both irradiated raw and cooked pork during 7-day storage (Chen et al., 1999). 
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Graf (1992) reported that ferulic acid has an UV-absorption capability and can reduce 
radiation-induced oxidative reactions. 
The incorporation of antioxidants into cell membranes via dietary treatments also was 
shown to stabilize lipids in membranes and reduced the extent of lipid oxidation in meat 
during storage (De-Winne and Dirinck, 1996; Morrissey et al., 1997). Feeding vitamin E to 
turkeys improved the oxidative stability and sensory quality for both frozen and refrigerated 
breast meat (Sheldon et al., 1997). Descriptive flavor profiling analysis indicated that the 
off-odor notes were lowered as the dietary vitamin E level increased. Morrissey et al. (1997) 
reported that a diet supplemented with 200 mg alpha-tocopheryl acetate resulted in a 
saturation levels of alpha-tocopherol in plasma after 1 week of feeding and in tissues within 3 
to 4 weeks of feeding. The results show that feeding 200 mg alpha-tocopheryl acetate/kg feed 
to chicks for at least 4 weeks prior to slaughter is necessary to optimize muscle vitamin E 
content and meat stability against lipid peroxidation (Morrissey et al., 1997). 
Supplementation of more than 200 IU vitamin E/kg diet decreased lipid oxidation of 
irradiated raw turkey meat significantly (Ahn et al., 1997). Ahn et al. (1998b) showed that 
irradiated patties had accelerated oxidative changes, and dietary a-tocopheryl acetate 
minimized the oxidation and off-odor generation of meat. The antioxidant effects of dietary 
tocopherol in chicken meat, however, differ among muscles types (Ajuyah et al., 1993; Ahn 
et al., 1995). 
Craig et al. (1997) reported that 0.1% of sodium ascorbate reduced the oxidative 
changes of ground turkey. Vitamin C supplementation appeared to have little, if any, 
beneficial effects on meat stability (King et al., 1995; Morrissey et al., 1998). Patterson and 
Stevenson (1995) reported that irradiated meat from chickens reared on diets supplemented 
with both a-tocopherol and ascorbic acid produced qualitatively similar volatile component 
patterns, but the yield of volatile compounds was substantially reduced compared to control. 
Considering the involvement of free radicals on the initiation of lipid oxidation-dependent 
off-odor production, the use of antioxidants in irradiated meat to control or reduce off-odor 
production is highly reasonable (Patterson and Stevenson, 1995). 
Dissertation Organization 
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This dissertation is composed of seven manuscripts prepared for publication in 
journals and a concluding summary. The seven manuscripts represent the work done by the 
first author to fulfill requirements for the degree of Doctor of Philosophy. The first paper was 
prepared according to the Innovative Food Science & Emerging Technologies, and fourth 
and sixth papers were prepared according to the style guide of Journal of Food Science. 
Second and seventh papers were prepared by according to the style guide of Poultry Science, 
and third and fifth were by Meat Science. 
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CHAPTER 2. EFFECT OF IONIZING RADIATION ON QUALITY 
CHARACTERISTICS OF VACUUM-PACKAGED NORMAL, PALE-SOFT-
EXDUDATIVE, AND DARK-FIRM-DRY PORK1 
A paper published in the Innovative Food Science & Emerging Technologies2 
K. C. Nam3, M. Du, C. Jo, and D. U. Ahn4 
Abstract 
Normal, Pale-Soft-Exudative (PSE), and Dark-Firm-Dry (DFD) pork Longissimus 
dorsi muscles were vacuum-packaged, irradiated at 0, 2.5, or 4.5 kGy, and stored at 4°C for 
10 days. The pH, color and lipid oxidation of pork were determined at 0, 5, and 10 days of 
storage. Volatile production from pork loin was determined at Day 0 and Day 10, and sensory 
characteristics at Day 7 of storage. Irradiation increased the redness of vacuum-packaged 
normal, PSE and DFD pork. But the 2-thiobarbituric acid reactive substances (TEARS) 
values of three types of pork were not influenced by irradiation and storage time. Irradiation 
increased the production of sulfur (S)-containing volatile compounds, such as 
mercaptomethane, dimethyl sulfide, carbon disulfide, methyl thioacetate, and dimethyl 
disulfide as well as total volatiles in all three types of pork. Normal pork produced higher 
levels of total and S-containing volatile compounds than the PSE and DFD pork did. The 
volatiles produced by irradiation were retained in the vacuum packaging bag during storage. 
Although the odor preference for the three meat types of pork was not different, panelists 
'Journal paper No. J-18874 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, IA 50011. Project No. 3322, supported by the Food Safety Consortium. 
"Reprinted with permission of the Innovative Food Science & Emerging Technologies, 2002, 
3:73-79. 
3Primary researcher and author. 
^Author for correspondence. 
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could distinguish irradiated meat from the nonirradiated. 
Several U.S. meat companies have already started test-marketing irradiated meat 
products. Irradiation and subsequent storage of pork improved the color of PSE and DFD 
pork, and showed generally similar effects on the volatiles production except that there 
appeared to be a lower level of S-volatiles in the PSE than in the other two samples. This 
indicated that irradiation can increase the utilization of low quality pork (PSE and DFD). 
Especially DFD pork, which has shorter shelf life than the others, could benefit the most from 
irradiation because the shelf life of DFD meat can be extended significantly by the method of 
both vacuum packaging and irradiation. 
Introduction 
Irradiation can provide consumers with meat with reduced risks from pathogens and 
parasites. Radiolytic products have been neither unique nor toxicologically significant in 
terms of the quantities found in irradiated meat (Swallow, 1991; Thayer, 1994). Fox et al. 
(1989) reported that vitamin losses from irradiated chicken at doses up to 3 kGy and from 
pork at up to I kGy were not nutritionally significant. Meat quality related with chemical 
aspects, however, can be significantly influenced by irradiation. Murano (1995) reported that 
radiolysis of myoglobin and lipids by irradiation could lead to discoloration and rancidity or 
other off-odor production. Apart from microbial spoilage, lipid oxidation is the primary 
process by which quality loss of muscle food occurs (Buckley, Morrissey & Gray, 1995). 
Initiators of lipid oxidation in irradiated meat are hydroxyl radicals generated by the 
interaction of ionizing energy with water molecules in muscle tissues or in meat products 
(Thakur & Singh, 1994). Regardless of packaging type, irradiated raw pork patties produced 
more volatiles than nonirradiated ones and developed a characteristic aroma immediately 
after irradiation (Ahn, Olson, Jo, Chen, Wu & Lee, 1998). The odor of irradiated meat was 
also characterized as a barbecued corn-like odor (Ahn, Jo & Olson, 2000a). Lebepe, Molins, 
Charoen, Iv and Showronski (1990) reported that irradiated vacuum-packaged pork had a 
fairly stable brighter red or pink color. The degree of color changes by irradiation can vary 
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depending on animal species, muscle types, and locations in a muscle, but are commonly 
related to the oxygen availability of meat at the time of irradiation and during storage. 
Vacuum packaging (or controlled atmosphere packaging) of meat is a very satisfactory 
measure in preventing color and rancidity problems in raw meat during storage (Ranken, 
1987). 
The ultimate pH of meat is also known to be a crucial factor of meat quality. 
Depending on the ultimate pH and color of meat, pork can be classified as normal, pale-soft-
exudative (PSE), or dark-firm-dry (DFD). The distribution and proportion of free and bound 
water in normal, PSE, and DFD pork are different, and their biological membrane function 
should be different as important barriers to deteriorative changes that can affect meat quality 
(Stanley, 1991). PSE pork could be more susceptible to oxidative changes and could produce 
more off-flavor volatiles than normal or DFD meat upon irradiation because of its denatured 
muscle membrane structure. Chen and Waimaleongora-Ek (1981) concluded that the lower 
the pH values in the raw chicken meat samples, the higher the TEARS values. Ahn, Jo, Du, 
Olson and Nam (2000b) reported that vacuum packaging was better than aerobic packaging 
for irradiation and subsequent storage of meat because it minimized oxidative changes in 
pork during storage. 
The objective of this study was to determine and compare the effects of irradiation on 
lipid oxidation, off-flavor, color, and sensory characteristics of vacuum-packaged normal, 
PSE, and DFD pork. The results of this study could provide information on irradiation effects 
related to the pH of the meat, and could be useful to treat efficiently each different grade of 
pork for irradiation. 
Materials and Methods 
Sample preparation and irradiation 
24 pork loin (Longissimus dorsi) muscles, which consisted of each of 8 normal (pH 
5.7-5.8), PSE (pH 5.4 or less) and DFD (pH 6.2-6.8) meat (8 replications), were purchased 
from a local packing plant. The pork loins were trimmed off all surface fat, and the lean 
muscle was sliced into 3-cm thick steaks and vacuum-packaged in nylon/polyethylene bags 
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(9.3 mL 02/m2/24 h at 0 C: Koch, Kansas City, MO, USA). After packaging, they were 
stored overnight at 4°C and then were irradiated at 0, 2.5, or 4.5 kGy using a Linear 
Accelerator (Circe IHR, Thomson CSF Linac, Saint-Aubin, France). The energy, beam 
power, and conveyor speed were 10 MeV, 10 kW, and 38.7 m/min, respectively. The average 
dose rate was 92.0 kGy/min and max/min ratio was approximately 1.12 for 2.5 kGy and 1.15 
for 4.5 kGy. To confirm the target dose, two alanine dosimeters per cart were attached to the 
top and bottom surfaces of the sample. The alanine dosimeter was read using a 104 Electron 
Paramagnetic Resonance instrument (EMS-104, Bruker Instruments Inc., Billerica, MA, 
USA). Then, the pork steaks were stored at 4°C for up to 10 days. The pH of meat samples 
was measured after 0, 5, and 10 days storage after homogenizing samples with 9 vol. of 
deionized distilled water (DDW). Color and lipid oxidation in vacuum-packaged irradiated 
pork loins was determined at 0, 5 and 10 days, volatile production at 0 and 10 days, and 
sensory characteristics at 7 days of storage. 
Color measurement 
Color measurements were conducted on the packaged surface of samples with a 
Labscan spectrophotometer (Hunter Associated Labs Inc., Reston, VA, USA) that had been 
calibrated against white and black reference tiles packaged in the same bags as those used for 
meat packaging. Hunter L- (lightness), a- (redness), and b- (yellowness) values were obtained 
(American Meat Science Association, 1991) using a setting of D65 (daylight, 65-degree light 
angle). An average value from two random locations on each sample surface was used for 
statistical analysis. 
TEARS analysis 
The fluorometric 2-thiobarbituric reactive substances (TEARS) method (Jo & Ahn, 
1998) was used to determine lipid oxidation in raw meat. Minced sample was weighed (3 g) 
into a test tube (50 mL), 9 mL of deionized distilled water (DDW) was added, and the 
mixture was homogenized with a Brinkman poiytron (Type PT 10/35, Brinkman Instrument 
Inc., Westbury, NY, USA) for 15 sec at high speed. The meat homogenate (0.5 mL), sodium 
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dodecylsulfate (8.1%, 200 |xL), hydrochloric acid (0.5 M, 1.5 mL), thiobarbituric acid (20 
mM, 1.5 mL), butylated hydroxytoluene (7.2%, 50 pL), and DDW (250 jiL) were added to a 
test tube. The sample was vortexed and heated in a 90°C water bath for 15 min. After cooling 
for 10 min in cold water, I mL of DDW and 5 mL of n-butanol/pyridine solution (15:1, v/v) 
were added. The sample was vortexed and centrifuged at 3,000 x g for 15 min, and the 
resulting upper layer was read by a fluorometer (Model 450, Bamstead/Thermolyne, 
Dubuque, IA, USA) with 520 nm excitation and 550 nm emission. The amounts of TBARS 
were expressed as milligrams of malondialdehyde (MDA)Zkg meat. 
Volatile compound analysis 
A purge-and-trap apparatus (Precept Q and purge-and-trap 3000, Tekmar-Dohrmann, 
Cincinnati, OH, USA) connected to gas chromatograph/mass spectrometer (GC/MS, Hewlett-
Packard Co.) was used to analyze the volatiles responsible for the off-odor in samples. A 2g 
of minced meat sample and one pack of oxygen absorber (Ageless type Z-100, Mitsubishi 
Gas Chemical America, Inc., New York, NY, USA) were placed in a 40-mL sample vial, and 
then the vial was flushed with helium gas (99.999%) for 5 seconds. The maximum holding 
time in a refrigerated (4°C) sample tray before analysis was less than 10 hours to minimize 
the oxidation during the holding time. The meat sample was purged with helium gas (40 
mL/min) for 15 min. Volatiles were trapped at 30°C using a Tenax/Silica gel/Charcoal 
column (Tekmar-Dohrmann), desorbed for 2 min at 220°C, focused in a cryofocusing unit at 
-l(D0oC, and then thermally desorbed into a column for 30 sec at 220°C. A combined column 
- an 8 m HP-624 column (6% cyanopropyl phenyl + 94% dimethyl siloxane copolymer, 250 
Hm i.d. with 1.4 |im nominal) and a 44 m HP-1 column (polydimethyl siloxane, 250 |im i.d. 
with 0.25 nm nominal) combined using a zero dead-volume column connector - was used for 
volatile analysis. Ramped oven temperature was used (0°C for 2.5 min, increased to 10°C 
@2.5°C/min, to 80°C @ l0°C/min, to 150°C @20°C/min, to 180°C @ 10°C/min, and held for 
1 min). Inlet temperature was 180°C. Liquid nitrogen was used to cool oven below ambient 
temperature. Helium was the carrier gas at constant pressure of 20 psi. The ionization 
potential of MS was 70 eV and scan range was 33.1-300 m/z. 
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Identification of volatiles was achieved by comparing mass spectral data of samples 
with those of the Wiley Library (Hewlett-Packard Co.) and standards when available. The 
area of each peak was integrated using the ChemStation software (Hewlett Packard Co.), and 
the total peak area (pA*sec) x 104 was reported as an indicator of volatiles generated from the 
meat samples. The peaks produced by mass spectral data were grouped into 5 major volatile 
classes - alcohols, ketones, aldehydes, sulfur (S)-containing compounds and hydrocarbons -
and reported. 
Sensory analysis 
The intensity and preference of odor of samples by irradiation dose within a same 
pork type were determined at 7 days of storage by 76 sensory panelists. Panelist also 
compared odor characteristics of meat among three meat types within a same irradiation dose. 
Training sessions were conducted to familiarize panelists with the irradiation odor, the scale 
to be used, and with the range of attribute intensities likely to be encountered during the 
study. For evaluation of odor, samples containing 3 g muscle in coded, capped glass 
scintillation vials were presented to each panelist in isolated booths. A 15-cm linear hedonic 
scale anchored with the words 'no irradiation odor' and 'very strong irradiation odor' and 
'not preferable' and 'highly preferable' at opposite ends, were used to rate the samples on the 
intensity of irradiation odor and preference of irradiation odor. The responses from the 
panelists were expressed in numerical values ranging from 0 (no irradiation odor or not 
preferable) to 15 (strong irradiation odor or highly preferable) to the nearest 0.1 cm. 
Statistical analysis 
The experimental design was to determine the effects of different meat type, 
irradiation, and storage time on lipid oxidation, volatiles content, and color changes in 
samples during 10 days of storage. Data were analyzed using SAS software (SAS Institute, 
Inc., 1985) by generalized linear model procedure, and the Student-Newman-Keuls multiple 
range test was used to compare differences among means. Mean values and standard errors of 
the means (SEM) were reported. Significance was defined at P<0.05. 
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Results and Discussion 
Effect of irradiation on pH and color 
The pH values of non-irradiated and irradiated normal, PSE, and DFD pork (Table 1) 
showed that irradiation had no effect on the pH of all three pork types. The original ultimate 
pH of normal, PSE, and DFD meat was also maintained during the 10-day storage period. 
Irradiated, vacuum-packaged pork loins had (P < 0.05) greater a-values than the 
nonirradiated, and the increase of a-values in pork loins was irradiation dose-dependent in all 
three pork types (Table 2). Earlier findings also showed that irradiation increased the redness 
of pork in vacuum packaging (Luchsinger et al., 1996; Nanke, Sebranek & Olson, 1998). The 
a-value in three type pork with vacuum packaging decreased after 5 days of storage, but 
increased after 10 days of storage). The exact reason for this phenomenon is not known, but 
the residual oxygen in the vacuum packaging bag could have oxidized myoglobin at the early 
part of the storage time. Meat type and irradiation did not affect b-values. Irradiated PSE and 
DFD samples at 4.5 kGy showed an increasing trend in b-values during storage, but 
yellowness has little effect on the overall color of meat. 
Effect of irradiation on TBARS value 
The overall TBARS values of vacuum-packaged pork loins were trivial levels 
regardless of meat type, irradiation, and storage time (Table 3). At Day 0 and Day 10, DFD 
pork had lower TBARS values than the normal or PSE pork. DFD pork was stable and 
resistant to both irradiation- and storage-dependent quality changes. Although DFD meat is 
more susceptible to bacterial spoilage than the other pork types, irradiation with vacuum 
packaging could extend the shelf life and increase the utilization of even DFD pork. Our 
results agree with that of Yasosky, Aberle, Peng, Mills and Judge (1984) who reported that 
the ultimate pH of ground pork was negatively correlated with the TBARS values of pork 
after 12 days of storage at 2°C. Low pH values in meat play an important role in lipid 
oxidation by denaturing antioxidant proteins, disrupting cell structure, and exposing 
membrane lipids to free radicals. The distribution of water and its location, where hydroxyl 
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radicals are formed by irradiation and storage, could be critical for the irradiation-dependent 
reaction. Therefore, it was expected that the denatured membrane structure of PSE pork 
would make it more susceptible to lipid oxidation than normal and DFD pork. However, 
irradiation and subsequent storage did not increase lipid oxidation in three types of pork with 
vacuum packaging because no oxygen was available for hydroperoxide formation. The 
difference in TBARS among the three types was caused only by the pH of the pork. 
Volatile compounds in irradiated pork 
At Day 0, nonirradiated PSE pork loins produced the highest amount of alcohols 
(98% of which was ethanol), but produced the lowest amounts of ketones and aldehydes 
among the three pork types (Table 4). S-containing compounds in all three meat types 
increased with irradiation. The amount of S-containing volatiles in irradiated normal pork 
was higher than that of the PSE and DFD pork. The increase of irradiation dose from 2.5 kGy 
to 4.5 kGy had minimal impact on the production of most major volatile groups except S-
containing compounds of DFD pork. The major ketones identified were 2-propanone and 2-
butanone, and the major aldehydes were acetaldehyde, 3-methyl butanal, pentanal, and 
hexanal. Sulfur-containing volatile compounds were mercaptomethane, dimethyl sulfide, 
carbon disulfide, methyl thioacetate, and dimethyl disulfide, and they increased greatly (P < 
0.01) after irradiation regardless of meat types. Patterson and Stevenson (1995) found that 
dimethyltrisulfide was the most potent off-odor compound, and the changes that occur 
following irradiation were distinctively different from those of warmed-over flavor in 
oxidized meat. Ahn, Jo, Du, Olson and Nam (2000b) reported that S-containing volatiles 
such as dimethyl disulfide produced by the radiolysis of amino acids were responsible for the 
off-odor in irradiated pork. They also assumed that the off-odor production in irradiated pork 
was caused by the compounding effects of lipid oxidation products and radiolytic products of 
amino acid side chains. 
After 10 days of storage, the amounts of alcohols in nonirradiated normal pork and 
ketones in nonirradiated PSE pork were the highest of all as in Day 0 (Table 4). The amounts 
of S-containing volatiles in irradiated pork increased after 10 days of storage, and also were 
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irradiation dose-dependent in all three pork types. PSE pork produced the least amount of S-
containing volatiles after irradiation. Irradiated pork produced more hydrocarbons than 
nonirradiated after 10 days of storage. The amounts of total volatiles in both irradiated and 
nonirradiated normal pork were higher than those of PSE and DFD pork. 
Sensory characteristics of irradiated pork 
Irradiation dose influenced (P<0.05) the intensity of irradiation odor and the 
acceptance of the meat odor (Table 5). Irradiation increased (P < 0.05) the intensity of 
irradiation odor in all three pork types, but there was no difference among meat type. The 
result of the irradiation odor intensity was consistent with that of S-containing volatiles 
produced (Table 4). Therefore, S-containing volatiles could be a representative irradiation 
odor detected by panelists. 
The acceptance of the meat odor was adverse to the irradiation odor intensity. As the 
irradiation odor intensity increased, the preference of meat odor decreased. Most trained 
panelists rated irradiation odor as an off-odor. Hashim, Resurrecccion and MacWatters 
(1995) showed that irradiating uncooked chicken breast and thigh produced a characteristic 
bloody and sweet aroma that remained after the thighs were cooked, but was not detectable 
after the breasts were cooked. Panelists could easily distinguish odors of irradiated and 
nonirradiated meat, but not among the three meat types. 
Conclusion 
Irradiation increased redness, off-odor intensity, and S-containing volatiles regardless 
of the pH of vacuum-packaged pork. Irradiation of pork with vacuum packaging increased 
the red color in even PSE pork. With vacuum packaging, irradiated PSE and DFD pork were 
not different from the normal pork in lipid oxidation, volatile production, and sensory 
preference. Therefore, DFD pork, which is more susceptible to rapid bacterial growth due to 
its high pH than the others, could benefit the most from irradiation because the shelf life of 
DFD meat can be extended significantly by the method of both vacuum packaging and 
irradiation. Irradiation and vacuum-packaged storage of meat may be desirable for long-term 
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storage, but may reduce the acceptance of irradiated meat due to its retained high level of S-
volatiles. Double packaging - individual packaging of meat with oxygen permeable film and 
repackaging multiple individual packages in large vacuum-packaging bags for irradiation and 
storage - and opening the outside vacuum packaging bag 1-2 days before sale, is 
recommended to reduce irradiation odor. 
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Table 1. 
The pH of vacuum-packaged normal, PSE and DFD pork Longissumus dorsi muscle affected 
by irradiation dose and storage time at 4°C 
OkGv 2.5 kGv 4.5 kGv 
Storage Norm PSE DFD Norm PSE DFD Norm PSE DFD SEM1 
DayO 5.76b 5.42' 6.36' 5.66*= 5.43c 6.35' 5.66* 5.47c 6.43' 0.06 
Day 5 5.62^ 5.47* 6.36' 5.6l* 5.42c 6.47' 5.63b 5.49* 6.38' 0.05 
Day 10 5.62b 5.37c 6.36' 5.58b 5.33= 6.40' 5.58b 5.33c 6.40' 0.05 
SEM" 0.08 0.02 0.07 0.04 0.03 0.06 0.04 0.03 0.07 
'^Means with different letters within a row are different (P < 0.05). 
lSEM: standard error of the means among meats within a storage time. 
"SEM: standard error of the means within a meat type. 
Abbreviations: PSE, pale-soft-exudative; DFD, dark-firm-dry. 
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Table 2. 
Color L-, a-, and b-values of vacuum-packaged normal, PSE and DFD pork Longissumus 
dorsi muscle affected by irradiation dose and storage time at 4°C 
Storage 
0 kGv 2 .5 kGv 4.5 kGv 
SEM Norm PSE DFD Norm PSE DFD Norm PSE DFD 
L-value 
Day 0 50.5" 59.6'* 43.4d 52.0bx 60.6" 47.2" 52.4b 57.2' 43.0dxy 1.1 
Day 5 49.9* 52.3'"' 43. ld 48.8cy 54.7'y 42.8dy 48.4C 54.6' 40.9dy 0.9 
Day 10 54.2'* 55.8'"y 47.2dc 52.4"" 56.9'"y 49.5cdx 56.6'b 59.5' 46.0" 1.6 
SEM2 1.3 l.l 1.6 1.0 0.9 1.5 1.3 1.4 1.1 
a-value 
Day 0 5.8" 3.7dy 6.8" 9.8bx 9.7bx I0.4bx 12.9" 12.4" 11.9" 0.5 
Day 5 2.6dz 2.9dy 3.6dy 7.1by 7.3bz 6.0cy 10.0'y 9.7'y 9.4'y 0.4 
Day 10 4.4cy 5.2CX 6.2" 8.6"xy 8.7by 10.3'bx 11.3"y 11.4" 11.0'bx 0.7 
SEM2 0.4 0.5 0.6 0.6 0.3 0.6 0.6 0.6 0.4 
b-value 
Day 0 ll.2y 12.5* 9.5 11.1 12.2 10. lxy 11.0 11.7y 9.5y 0.3 
Day 5 SO
 
oo
 s 
I
 
© 9.1cd 10.0'" 11.0' 8.7dy 10.l'" 10.8'by 8.7dy 0.3 
Day 10 n:T 11.7xy 9.4 11.1 12.6 11.6" 9.6 12. lx 10.7X 0.8 
SEM2 0.3 0.4 0.8 0.4 0.2 0.6 0.6 0.8 0.3 
acMeans with different letters within a row are significantly different (P < 0.05). 
* 'Means with different letters within a column are significantly different (P < 0.05). 
lSEM: standard error of the means among meats within a storage time. 
"SEM: standard error of the means within a meat type. 
Abbreviations: PSE, pale-soft-exudative; DFD, dark-firm-dry. 
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Table 3 
TBARS values of vacuum-packaged normal, PSE and DFD pork Longissumus dorsi muscle 
affected by irradiation dose and storage time at 4°C 
Storage 
0 kGv 2.5 kGv 4.5 kGv 
SEM1 Norm PSE DFD Norm PSE DFD Norm PSE DFD 
— 
— TBARS (mg MDA/kg meat) — 
Day 0 0.09abx 0.1lab 0.07b 0.llabx 0.15" 0.09ab 0.12ab 0.10ab 0.10ab 0.01 
Day 5 0.07y 0.08 0.06 0.08xy 0.09y 0.08 0.10 0.10 0.10 0.04 
Day 10 0.10abx 0.09* 0.07d 0.10abxy 0.1 laby 
s
 
o
 0.14a 0.llab 0.08d 0.09 
SEM2 0.04 0.03 0.01 0.06 0.10 0.01 0.07 0.07 0.01 
adMeans with different letters within a row are significantly different (P<0.05). 
vyMeans with different letters within a column are significantly different (P<0.05). 
'SEM: standard error of the means among meats within a storage time. 
"SEM: standard error of the means within a meat type. 
Abbreviations: PSE, pale-soft-exudative; DFD, dark-firm-dry. 
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Table 4 
Relative production of volatiles in vacuum-packaged normal, PSE and DFD pork 
Longissumus dorsi muscle affected by irradiation dose at storage time at 4°C 
Storage 
OkGv 2.5 kGv 4.5 kGv 
SEM Norm PSE DFD Norm PSE DFD Norm PSE DFD 
— Peak area (pA*sec)xl0 5 — 
Day 0 
Alcohols 277b 1754' 295b I12b 55b 0b 20b 45b 0b 72 
Ketones 1150' 28c I83c 674b 35c 9C 113e 48e 61e 141 
Aldehydes I30ab 945c 169' 53c 56c 36" 39e 77e 50e 13 
S-compounds 13c 115b 5C 311' 89b 100b 336' 112b 281' 19 
Hydrocarbons 151 172 113 222 162 158 261 336 154 24 
Total volatiles 176lb 2257' 804c I453b 73 Ie 327e 852e 679e 592e 186 
Day 10 
Alcohols 195b 1574' 88b I9d 149b 03d 63e 127b I5d 28 
Ketones 2794' 43c 27c 270" 167e 67e 173 lb 180e 65e 173 
Aldehydes 32bc 22bc 14c 26* 30* 18e 53' 41ab 15e 4 
S-compounds 21d 90' 7d 668' 136e 446b 763' 24 lb 629' 45 
Hydrocarbons I30cd 120de 9lc 354' 197e 139cd 316' 282b 176ed 17 
Total volatiles 3265' 1916* I59d 1424* 747cd 753ed 3117' 968e 979e 182 
a e Means with different letters within a row are significantly different (P < 0.05). 
SEM: standard error of the means among meats within a storage time. 
Abbreviations: PSE, pale-soft-exudative; DFD, dark-firm-dry. 
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Table 5 
Sensory characteristics of vacuum-packaged irradiated normal, PSE and DFD pork 
Longissumus dorsi muscle refrigerated for 7days 
Irradiation Norm PSE DFD SEM3 
Irradiation odor intensity12 
0 kGy 4.37ay 3.95aby 3.l4bz 0.34 
2.5 kGy 9.56" 8.3 lbx 6.83e7 0.32 
4.5 kGy 10.14" 8.32bx 8.58bx 0.33 
SEM4 0.30 0.36 0.33 
Acceptance of meat odor2 
0 kGy 8.51' 8.75" 9.58* 0.35 
2.5 kGy 5.72by 6.0 lby 7.23ay 0.32 
4.5 kGy 5.26y 5.89y 6.34y 0.35 
SEM4 0.38 0.35 0.34 
acMeans with different letters within a row are significantly different (P < 0.05), n=76. 
acMeans with different letters within a column are significantly different (P < 0.05), n=76. 
'irradiation odor intensity: 0, no irradiation odor; 15, very strong irradiation odor. 
"Acceptance of meat odor: 0, not preferable; 15, highly preferable. 
3SEM: standard error of the means among meats within an irradiation dose. 
4SEM: standard error of the means among irradiation dose within a meat type. 
Abbreviations: PSE, pale-soft-exudative; DFD, dark-firm-dry. 
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CHAPTER 3. OFF-ODOR VOLATILES AND PINK COLOR DEVELOPMENT IN 
PRECOOKED, IRRADIATED TURKEY BREAST DURING FROZEN STORAGE1 
A paper published in the Poultry Science2 
K. C. Nam3, Y. H. Kim, M. Du, and D. U. Ahn4 
Abstract 
The effect of irradiation on color, lipid oxidation, and volatile production of 
precooked, irradiated turkey breast during frozen storage was studied. Turkey breast muscles 
were precooked, aerobically or vacuum-packaged, irradiated at 0, 2.5, or 5.0 kGy using a 
Linear Accelerator (electron beam), and then frozen-stored at —40 C. Lipid oxidation, 
volatiles, color values, gas production, and oxidation-reduction potential (ORP) of meat were 
determined during 3-month storage periods. Ionizing radiation produced characteristic off-
odor volatiles (dimethyldisulfide and methylthioethane) and lipid oxidation products in 
precooked, frozen turkey breast. The production of volatiles was accelerated by the 
confounding effect of high irradiation dose, aerobic packaging, and increased storage time. 
Volatile production and color changes in irradiated, precooked turkey breast were induced by 
different mechanisms. Irradiation increased pink color in precooked, vacuum-packaged 
turkey breast, and the pink color was stable during the frozen storage. Decreased ORP and 
increased carbon monoxide (CO) in irradiated meat indicated that denatured CO-heme 
pigments could be responsible for the pink color in precooked, irradiated turkey breast. 
Vacuum packaging was better than aerobic packaging in preventing lipid oxidation and 
'Journal paper No. J-19286 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, IA 50011. Project No. 3322, supported by Iowa Turkey Federation and Meat 
Export Research Center. 
"Reprinted with permission of the Poultry Science, 2002, 81:269-275. 
^Primary researcher and author. 
4Author for correspondence. 
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oxidation-dependent volatile production, but maintained pink color in precooked, irradiated 
turkey breast during the frozen storage. 
Introduction 
Oxidative changes such as development of rancidity or off-flavor and discoloration 
are major concerns in the storage of cooked poultry meat. Cooked poultry meat is highly 
susceptible to oxidative changes because of its high unsaturated fatty acids composition. 
Cooking process denatures antioxidant components, damages cell structure, and exposes 
membrane lipids to extracellular environments (Ahn et al., 1993). Irradiation of poultry meat 
can provide consumers with products safe from food-borne pathogens (Thayer, 1990). But, 
ionizing radiation generates free radicals in meat systems. The formation of highly reactive 
free radicals may initiate free-radical chain reactions, such as lipid oxidation, pigment 
discoloration, or interaction between lipids and heme pigments (McMillin, 1996). Therefore, 
irradiation of precooked poultry meats can accelerate the development of lipid oxidation and 
off-flavor, and attention is needed when precooked poultry meats are irradiated. 
Irradiated raw meat developed a characteristic off-odor compared with nonirradiated 
control (Lynch et al., 1991). Ahn et al. (2001) reported that sulfur-containing compounds 
such as mercaptomethane and dimethyldisulfide, not related with lipid oxidation, were 
responsible for most of the irradiation off-odor in pork, but the sulfur compounds volatilized 
quickly during aerobic storage. Irradiation of oil emulsions containing several sulfur-
containing amino acids produced similar volatile compounds to irradiated meat systems. This 
indicated that radiolysis of proteins played an important role in off-odor generation of 
irradiated meat (Jo and Ahn, 2000). Irradiation also increased red color in raw poultry breast 
meat (Millar et al., 2000; Du et al., 2000). The generation of pink color in precooked, 
irradiated meat can be regarded as undercooked or contaminated. Our unpublished data 
showed that irradiation of meat increased reducing power and generated gas compounds that 
can act as a sixth ligand of myoglobin. 
The quality changes in meat can be different depending upon the reactions between 
meat components and free radical species produced by irradiation. The quality deterioration 
of meat by irradiation can also be reduced or delayed by excluding oxygen from meat or 
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freezing meat. The oxidative stability of meat components can be enhanced in frozen state as 
in refrigerated storage. With decreased mobility under frozen states, free radicals tend to 
recombine with the original substances rather than diffuse through the food and react with 
other food components (Taub et al., 1979). 
Although many researchers have studied oxidative changes in irradiated meat 
systems, little information on quality changes in precooked turkey breast meat during the 
frozen state is available. The objective of this study was to determine the effect of irradiation 
on color, lipid oxidation, and volatile production in precooked, irradiated turkey breast 
during frozen storage. 
Materials and Methods 
Sample preparation and irradiation 
Turkey breast (pectoralis) muscles were separated from 50 turkey carcasses and 
randomly grouped into 4 replications. The muscles were sliced to 3-cm-thick steaks and 
packaged in either polyethylene oxygen-permeable zipper bags (4x6, 2 MIL, Associated Bag 
Company, Milwaukee, WI) or oxygen-impermeable nylon/polyethylene bags (9.3 mL 
Oi/m-/24h at 0 C; Koch, Kansas City, MO). A total four pieces of sliced steaks (one piece 
from each replication) were packaged in each bag. The packaged samples were fully cooked 
in an 8 C water bath to an internal temperature of 75 C. After draining meat juice, the cooked 
meats were repackaged as before cooking. For aerobically packaged meats, 4 packages were 
put in a large vacuum bag, vacuum-packaged, and stored at 4 C to minimize oxidative 
changes before irradiation. The outer bag was cut open before irradiation. Both vacuum- and 
aerobically packaged samples were placed in a single layer on trays, and irradiated at 0,2.5, 
or 5.0 kGy using a Linear Accelerator (Circe 111R, Thomson CSF Linac, Saint-Aubin, 
France). The energy level was 10 MeV, the power level was 10 kW, and the average dose 
rate was 95.5 kGy/min. The max/min ratio was approximately 1.38 for 2.5 kGy and 1.43 for 
5 kGy. To check the applied dose, alanine dosimeters were attached to the top and bottom 
surfaces of a sample (one sample per cart). The alanine dosimeters were read using a 104 
Electron Paramagnetic Resonance Instrument (Bruker Instruments Inc., Billerica, MA). The 
meat samples were stored in a dark freezer room (-40 C) for up to 3 months. Lipid oxidation, 
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color, and ORP values of meat samples were determined at 0, 1.5, and 3 months, and volatile 
compounds and gas production were determined at 0 and 3 months of frozen storage. 
Analysis of TBA-reactive substances value 
Lipid oxidation was determined by TBARS method (Ahn et al., 1998). Minced 
sample (5 g) was placed in a 50-mL test tube, added with 15 mL of deionized distilled water 
(DDW), and homogenized using a Brinkman Poiytron (Type PT 10/35, Brinkman Instrument 
Inc., Westbury, NY) for 15 s at high speed. The meat homogenate (1 mL) was transferred to 
a disposable test tube (13 x 100mm), and butylated-hydroxytoluene (7.2%, 50 pL) and 
thiobarbituric acid/trichloroacetic acid (20 mM TBA and 15% (w/v) TCA) solution (2 mL) 
were added. The mixture was vortexed and then incubated in a 90 C water bath for 15 min to 
develop color. After cooling for 10 min in cold water, the sample was vortexed, centrifuged 
at 3,000 x g for 15 min at 5 C, and then read at 531 nm against a blank containing 1 mL 
DDW and 2 mL TBA/TCA solution. The amounts of TBARS were expressed as milligrams 
of malondialdehyde per kilogram of meat. 
Analysis of volatile compounds 
A purge-and-trap apparatus (Precept II and Purge & Trap Concentrator 3000, 
Tekmar-Dohrmann, Cincinnati, OH) connected to a gas chromatography/mass spectrometry 
(GC/MS, Hewlett-Packard Co., Wilmington, DE) was used to analyze volatiles responsible 
for the off-odor in samples (Ahn and others, 2001). Minced sample (2 g) was placed in a 40-
mL sample vial and then flushed with helium gas (40 psi) for 5 s. Samples were held in a 
refrigerated (4 C) sample tray for less than 4 h to minimize oxidative changes during the 
waiting period before analysis. 
The meat sample was purged with helium gas (40 mL/min) for 13 min at 40 C. 
Volatiles were trapped at 20 C using a Tenax column (Tekmar-Dorham, Cincinnati, OH) and 
desorbed for 2 min at 22 C. The desorbed volatiles were concentrated at -90 C using a 
cryofocusing unit (Tekmar-Dorham), thermally desorbed, and injected (30 s) into a capillary 
column by increasing the temperature to 220°C. An HP-624 column (7.5 m, 0.25 mm i.d., 1.4 
nm nominal), an HP-1 column (52.5 m, 0.25 mm i.d., 0.25 mm nominal; Hewlett-Packard 
64 
Co., Wilmington, DE) and an HP-Wax column (7.5 m, 0.25 mm i.d., 0.25 ^ m nominal) were 
connected using a zero dead-volume column connector (J&W Scientific, Folsom, CA). 
Ramped oven temperature was used to improve volatile separation. The initial oven 
temperature of 0 C was held for 2.50 min. Then the oven temperature was increased to 10 C 
at 2.5 C per min, increased to 45 C at 10 C per min, increased to 110 C at 20 C per min, and 
then increased to 210 C at 10 C per min and was held for 2.5 min at that temperature. 
Constant column pressure at 20.5 psi was maintained. The ionization potential of the mass 
selective detector (Model 5973; Hewlett-Packard Co.) was 70 eV, and the scan range was 
18.1 - 300 m/z. Identification of volatiles was achieved by comparing mass spectral data of 
samples with those of the Wiley library (Hewlett-Packard Co.). Standards, when available, 
were used to confirm the identification by the mass selective detector. The area of each peak 
was integrated using ChemStation software (Hewlett-Packard Co.), and the total ion count x 
104 was reported as an indicator of volatiles generated from the meat samples. 
Color measurement 
CIE color values were measured on the surface of samples using a LabScan color 
meter (Hunter Associated Labs. Inc., Reston, VA) that had been calibrated against a black 
and a white reference tile covered with the same packaging bags used for sample. The CEE L-
(lightness), a- (redness), and b- (yellowness) values were obtained using a setting of 
illuminant A. An average value from two random locations on each sample surface was used 
for statistical analysis. 
Measurement of ORP 
A pH/ion meter (Accumet 25, Fisher Scientific, Fair Lawn, NJ) was used to measure 
ORP. A platinum electrode filled with 4 M KCl solution saturated with AgCl was tightly 
inserted at the center of a meat sample (-100 g). To minimize the effect of air, the smallest 
possible pore was made by a cutter before the insertion of an electrode. To compensate for 
the effect of temperature, a temperature-reading sensor was also inserted. ORP readings 
(mV) were recorded at exactly 2 min after inserting the electrode into a sample. 
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Analysis of gas production 
Minced meat sample (10 g) was placed in a 24-mL wide-mouth screw-glass vial with 
a TefIon*fluorocarbon resin/silicone septum (I-Chem, Co., New Castle, DE). The vial was 
microwaved for 10 s at full power to release gas compounds from the meat sample. After 5 
minutes of cooling at room temperature, the headspace-gas (200 pL) was withdrawn using an 
airtight syringe and injected to a split inlet (split ratio, 9:1) of a GC. A Carboxen-1006 Plot 
column (30 m x 0.32 mm i.d., Supelco, Bellefonte, PA) was used, and a ramped oven 
temperature was used (initial temperature was 50 C, and was increased to 160 C at 25 
C/min). Helium was the carrier gas at a constant flow of 2.4 mL/min. A flame ionization 
detector (FID) equipped with a Nickel catalyst (Hewlett Packard Co., Wilmington, DE) was 
used as a detector, and the temperatures of inlet, detector, and Nickel catalyst were set at 250, 
280, and 375 C, respectively. Detector air, Hi, and make-up gas (He) flows were 400,40, and 
50 mL/min, respectively. The identification of gas compounds was achieved using standard 
gases (CO, Aldrich, Milwaukee, WI; CHt and CO2. Praxair, Danbury, CT); and a GC-MS 
(Model 5873, Hewlett Packard Co., Wilmington, DE). To quantify the amounts of gases 
released, each peak area (pA*s) was converted to a gas concentration (ppm) contained in the 
head space (14 mL) of 10 g meat sample compared to the carbon dioxide concentration 
existing in air (330 ppm). 
Statistical analysis 
The experimental design was to determine the effects of irradiation on lipid oxidation, 
volatile compounds, color, ORP, and gas production in samples with different packaging and 
storage times. The data were analyzed using SAS software (SAS Institute, 1985) by the 
generalized linear model procedure; Student-Newman-Keul's multiple range test was used to 
compare the differences among means. Mean values and standard error of the means (SEM) 
were reported. Significance was defined at P < 0.05. 
Results and Discussion 
Lipid oxidation and volatile production 
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Storage time influenced the TBARS value of precooked turkey breast during frozen 
storage, but irradiation did not (Table 1). Under aerobic conditions, the TBARS values of 
meat increased with the increase of storage time regardless of irradiation doses. The amounts 
of TBARS of meat stored for 3 mo at -40 C were approximately 2 times as great as those at 0 
mo. Under vacuum conditions, precooked turkey breast was more stable than under aerobic 
conditions, regardless of irradiation and storage. 
Both irradiation and packaging were critical factors influencing volatiles production 
in precooked turkey breast (Table 2). Under aerobic conditions, nonirradiated samples had 
hydrocarbons and aldehydes containing 5 or 6 carbons: a few aldehydes (acetaldehyde and 
propanal) detected in nonirradiated, precooked turkey breast should be formed during the 
cooking and the short exposure to air after cooking. Irradiation of cooked meat not only 
increased the amounts of hydrocarbons and aldehydes containing 5 or 6 carbons but also 
generated new hydrocarbons such as 2-methylpropane, 1-butene, butane, 1-heptene, heptane 
and octane, and sulfur compounds. The amounts of newly generated hydrocarbons produced 
by irradiation were dose dependent. Among sulfur (S)- compounds, 2,3-dimethyIdisulfide 
was found only in irradiated samples and the amount of thiobismethane were irradiation dose 
dependent. The characteristic off-odor in irradiated raw pork was caused by S-containing 
volatiles (e.g., 2,3-dimethyldisulfide) produced by radiolytic degradation of sulfur-containing 
amino acids (Ahn et al., 2000, 2001). Jo and Ahn (2000) reported that 2,3-dimethyldisulfide 
was produced from irradiated oil emulsion containing S-containing amino acids such as 
methionine and cysteine. 
The amounts of volatiles in vacuum-packaged, cooked nonirradiated turkey were 
smaller than those of aerobically packaged. After irradiation, however, vacuum-packaged 
cooked turkey produced more volatiles than aerobically packaged, and the amounts of 
volatiles were irradiation dose dependent. At 5.0-kGy irradiation, precooked turkey breast 
produced more hydrocarbons and dimethyldisulfide than those at 0 or 2.5-kGy irradiation. 
Heptane and methyIthioethane were detected only in precooked turkey breast irradiated at 5.0 
kGy. The threshold dose for irradiation off-odor was 1.5 kGy for raw turkey breast meat 
(Sudarmadji and Urbain, 1972). 
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After 3 months of frozen storage, larger number of volatiles were generated, and the 
amounts of volatiles already existed at 0 mo were also increased (Table 3). Precooked, 
aerobically packaged turkey breast had a larger amount of total volatiles than vacuum-
packaged at 3 mo. Under aerobic conditions, most hydrocarbons, ketones (2-propanone and 
2-butanone), and aldehydes (acetaldehyde, propanal, 2-methylpropanal, butanal, 2-
methylbutanal, 3-methylbutanal, pen tan al, and hexanal) increased proportionally with 
irradiation dose. Although TBARS values between irradiated and nonirradiated precooked 
turkeys were not different, the production of volatile compounds associated with lipid 
oxidation - mainly aldehydes - were significantly different. S-containing volatiles were very 
sensitive to irradiation dose and were found mainly in 5.0 kGy irradiation treatment: 
precooked turkey breast irradiated at 5.0 kGy had methanethiol and methylthioethane, but the 
2.5 kGy-irradiated meat did not have any. A considerable amount of 2,3-dimethyldisulfide, a 
representative off-odor compound in irradiated meat, was also found in 5 kGy-irradiated, 
precooked turkey breast after 3 months of frozen storage, but was not found in 2.5 kGy 
irradiated. Ahn et al. (2001) reported that most S-containing compounds produced by 
irradiation in raw meat disappeared after aerobic storage. This study, however, showed that 
the S-containing compounds in precooked, irradiated turkey increased during the frozen 
storage under aerobic conditions. 
During the frozen storage of precooked meat, vacuum packaging was more beneficial 
than aerobic packaging in reducing oxidative changes. Although the volatile profiles were 
not much different in both packaging conditions, the amounts of volatiles in vacuum-
packaged, precooked turkey breast were still smaller than those in aerobically packaged. 
Hexanal and pentanal had a strong correlation with TBARS and off-flavor in meats (Ang and 
Lyon, 1990; Ahn et al., 1999). The two aldehydes were produced less in vacuum-packaged 
than aerobically packaged, precooked turkey breast. The production of hexanal and pentanal 
agreed with TBARS results of precooked turkey. However, the amount of dimethyldisulfide 
in vacuum-packaged turkey was greater than that in aerobically packaged, and it also 
increased dramatically during the frozen storage. Acetaldehyde and 2-propanone were 
predominant volatiles in vacuum-packaged, irradiated turkey breast at 3 months. 
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In conclusion, frozen storage of precooked, irradiated turkey breast meat under 
vacuum was beneficial in preventing lipid oxidation, but was not helpful in reducing the 
amounts of volatiles responsible for irradiation off-flavor. 
Pink color development 
Irradiation, packaging, and storage affected the surface color values of precooked 
turkey breast (Table 4). With vacuum packaging, irradiation increased the redness of 
precooked turkey breast, and the increases in redness were irradiation-dose dependent. The 
color changes in vacuum-packaged irradiated turkey breast were distributed over the whole 
sample, and the pink color was very stable during the 3 months of frozen storage. With 
aerobic packaging, however, irradiation had no effect on the color of precooked turkey 
breast. The pink color in irradiated, precooked turkey breast was very sensitive to oxidative 
environment. Satterlee et al. (1971) reported that the presence of air inhibited the formation 
of red color in irradiated bovine metmyoglobin solutions. L-values and b-values were 
decreased with the increase of storage time regardless of irradiation and packaging 
conditions, and the color of irradiated, precooked turkey breast at 3 mo was darker compared 
to the samples before storage. 
The status of heme iron is very important to the chemical structure of heme pigments 
responsible for the meat color. Irradiation decreased the ORP of precooked turkey breast 
(Table 5), indicating that irradiation induced reducing conditions in meat. The decrease of 
ORP was more distinct under vacuum than aerobic conditions. Therefore, it could be 
considered that stronger reducing conditions in irradiated meats could have pushed the heme 
iron into ferrous state, which made it easy for heme-ligand formation. Hydrated electrons 
(eaq"), a free radical formed by irradiation can act as a powerful reducing agent (Swallow, 
1984). After 3 months of frozen storage, the ORP of nonirradiated turkey was lower than that 
of irradiated turkeys under aerobic packaging. Under vacuum packaging, however, the ORP 
was still lower in irradiated samples than nonirradiated. Therefore, strong reducing 
conditions under vacuum packaging stabilized the pink color in irradiated, precooked turkey 
breast. 
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Irradiation as well as cooking produced a few carbon-containing gases and the 
amounts of CO and methane in precooked turkey breast were irradiation-dose dependent 
(Table 6). The amount of these gases were higher in vacuum than aerobic packaging. The 
amounts of the gases decreased in both packaging conditions after 3 months of storage, but a 
considerable amounts of the gases still remained in meat. CO has a strong affinity to heme 
pigments. With the decreased ORP values, ligand formation between CO and denatured 
heme pigment should have been increased. Our preliminary work with model system showed 
that incompletely denatured myoglobin exposed to low levels of CO increased its red color 
intensity because of CO-myoglobin formation. Therefore, the increased redness in irradiated, 
precooked turkey should be caused by the CO-myoglobin formation with the help of 
increased reducing property by irradiation. Nevertheless, only one type of heme pigments 
cannot account for all the color changes in irradiated, precooked turkey. More study is 
needed to understand the mechanisms of color changes in irradiated cooked meat and why 
the CO produced by cooking did not influence the color of turkey breast as much as by 
irradiation. 
Relationship between lipid oxidation and color change 
Liu and others (1995) reported that lipid oxidation was positively correlated with 
pigment oxidation. Lipid oxidation and color changes, however, had no direct correlation in 
irradiated, precooked turkey breast during the frozen storage (Tables 1 and 4). Irradiation 
accelerated the production of lipid oxidation and off-odor volatiles. Irradiation did not 
influence the color of aerobically packaged, but produced pinker color in vacuum-packaged 
precooked turkey. The red pigments formed by irradiation were stable during the storage. 
From the results, it can be concluded that the free radicals produced by irradiation may have 
reacted with lipids and heme pigments in precooked turkey breast differently. The free 
radicals may have played a role in promoting lipid oxidation and volatile production, but 
generated strong reducing conditions, which is helpful for CO-heme complex formation. 
Therefore, the results of free radical reactions in irradiated meats can be different depending 
on the meat components they are reacting with. 
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ORP and TEARS were determined to elucidate oxidative changes in irradiated turkey 
breast. The ORP of meat was a better indicator than TEARS in explaining the impact of 
reduced conditions produced by irradiation on meat color. TEARS was not correlated with 
the redness of precooked, irradiated turkey breast. In conclusion, irradiation can influence the 
quality attributes of meat differently depending upon the nature of reactants (meat 
components and free radicals). 
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Table 1. TBA-reactive substances values of precooked, turkey breast with different 
packaging, irradiation dose, and storage time at -40 C 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 kGv 5 kGv SEM 0 2.5 kGv 5 kGv SEM 
——-— (mg malondialdehyde/kg meat ) ———————— 
0 Month 2.0 ly 2.46y 2.22" 0.22 0.90 0.73 0.63y 0.08 
1.5 Month 3.46* 3.79* 3.24y 0.61 0.99 0.92 0.94* 0.04 
3 Month 3.88* 3.87* 4.10* 0.26 0.99 0.93 0.87* 0.05 
SEM 0.47 0.44 0.28 0.07 0.06 0.04 
* ^Different letters within a column with same irradiation dose are different (P < 0.05); n =4. 
73 
Table 2. Volatile compounds of precooked, turkey breast with different packaging and 
irradiation dose at 0 month of frozen storage 
Volatile Aerobic packaging Vacuum packaging 
compounds 0 2.5 kGv 5 kGv SEM 0 2.5 kGv 5 kGv SEM 
(pA x s x 104) 
2-Methyl propane 0C 230b 502' 28 0C 237b 687' 27 
l-Butene 0C I957b 3254' 136 0C 2575b 4392' 258 
Butane 0C 683b 1917' 162 133= 1076b 1662' 74 
Acetaldehyde 1251' 0b 0b 69 787 933 757 82 
l-Pentene 0b 70b 331' 45 0C I96b 369' 16 
Pentane 842b 1884b 7633' 443 2395b 4319' 3378'b 390 
2-Pentene 0b 0b 168' I 0 0 0 
Propanal 540a 0b 0b 32 0 0 0 
2-Propanone 41145' 5419b 0b 2741 11270' 25410" 43993' 4135 
Thiobis methane 1514b 3096' 2604' 188 1448b 2666' 3257' 294 
1-Hexene 0b 0b 247' 27 0C 195" 419' 20 
Hexane 384b 3l9b 602' 56 364c 573" 1045' 64 
Methylthio ethane 0 0 0 47 0b o" 210' 3 
2-Butanone 0 0 0 0 248b 550' 15 
1-Heptene 0b 232b 862' 126 0C 23 lb 420' 26 
Heptane ob 139° 473' 62 0b 0b 166' 3 
Dimethyl disulfide ob 256b 458' 51 I05b 174b 297' 27 
Octane ob 0b 228' 18 0 0 0 
Total 45676' 14285' b 19279b 4232 16502e38833b 61602' 5434 
'^Different letters within a row with same packaging are different (P < 0.05); n = 4. 
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Table 3. Volatile compounds of precooked, turkey breast with different packaging and 
irradiation dose after 3 month of storage at -40 C 
Volatile Aerobic packaging Vacuum packaging 
compounds 0 2.5 kGv 5 kGv SEM 0 2.5 kGv 5 kGv SEM 
(pA x s x 104) — 
2-Methyl propane 195° 443" 1063" 38 0e 334b 717" 41 
l-Butene 184e 1692b 36534" 63 0e 1866" 2674" 209 
Butane 1713e 2884b 74 il" 220 734" 1847" 2424" 209 
Acetaldehyde 3398" 26554b 115072" 8294 4693e 33109" 71619" 3727 
Methanethiol 0b 0b 6412" 124 0e 4351" 7275" 265 
l-Pentene 255e 41 lb 806" 34 o" 360" 451" 29 
Pentane 26293" 27416b 52593" 2568 26584 16954 19871 4441 
2-Pentene 320" 273b 928" 141 227 257 223 40 
Propanal 6671" I1005b 29384" 3253 5339 6783 8775 1475 
2-Propanone 185" I780b 38605" 7345 29084 11702 22689 7954 
Thiobis methane 373e 907b 1452" 154 1165 1248 1049 113 
2-Methyl propanal 0e 149 lb 4615" 340 362e 1535" 3710" 145 
L-Hexene o" 237b 488" 18 0e 262" 425" 23 
Hexane 637e 908b 1625" 74 604" 671" 1195" 88 
Butanal 428" 605b 2751" 270 537 520 598 103 
Methylthio ethane o" 0b 449" 38 0e 210" 396" 15 
2-Butanone o" o" 3403" 171 1705" 505" 698" 291 
3-Methyl butanal 148e 2091" 6701" 408 322e 1919" 4916" 278 
2-Methyl butanal o" 1651" 6221" 561 0e 2253" 5171" 246 
1-Heptene 0 0 0 243" 0" o" 23 
Heptane 1282" 1468" 3270" 148 1034 1064 1026 192 
2-Ethyl furan o" 52b 248" 31 307" o" 0" 39 
Pentanal 4588" 6518b 30825" 2815 7810 3747 4992 2571 
3,3-Dimethyl pentane 0b 47b 540" 40 0 0 0 -
Dimethyl disulfide 27" 435" 21544" 1486 972e 11945" 22482" 2052 
l-Octene 0e 112b 294" 22 0 0 0 -
Octane 813" 704" 1688" 129 2011 1166 1434 446 
2-Octene 428 511 718 76 392 653 675 231 
Hexanal 14968b 8821b 114101" 10194 0 0 0 -
Total 62909" 99016" 489741" 39055 84125" 105261 "185485= 1 25246 
" "Different letters within a row with same packaging are different (P < 0.05); n = 4. 
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Table 4. CŒ color values of precooked, turkey breast with different packaging, irradiation 
dose, and storage time at -40 C 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 kGv 5 kGv SEM 0 2.5 kGv 5 kGv SEM 
L-value 
0 Month 91.58" 91.47" 89.16" 0.95 92.14" 91.77" 92.30" 0.68 
1.5 Month 86.69? 85.80y 85.96y 0.55 87.07y 86.7 ly 86.15y 0.60 
3 Month 61.05' 64.32' 61.74' 1.28 67.64" 63.56abz 6l.70bz 1.56 
SEM 1.25 0.74 0.86 1.05 1.00 1.07 
a-value 
0 Month 6.53" 6.77" 6.93" 0.46 6.35by 8.28a 9.05a 0.40 
1.5 Month 4.45y 4.53y 4.33y 0.24 5.9 lby 8.12a 8.27a 0.36 
3 Month 5.60" 6.67" 6.65" 0.36 7.59b" 8.7 lab 9.62a 0.47 
SEM 0.36 0.30 0.43 0.21 0.42 0.54 
b-value 
0 Month 17.91" 18.37" 18.45" 0.68 17.87 16.44" 16.34" 0.48 
1.5 Month 17.29" 16.90"y 16.26y 0.55 17.09" 15.21bxy I5.14b"y 0.50 
3 Month 12.59by 15.83ay I4.19abz 0.36 16.95' 13.55by 13.l4by 0.74 
SEM 0.80 0.65 0.62 0.42 0.58 0.72 
^Different letters within a row with same packaging are different (P < 0.05); n = 4 . 
"'Different letters within a column with same irradiation dose are different (P < 0.05); n =4. 
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Table 5. Oxidation-reduction potential (ORP) of precooked, turkey breast with different 
packaging, irradiation dose, and storage time at -40 C 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 kGv 5 kGv SEM 0 2.5 kGv 5 kGv SEM 
ORP (mV) 
0 Month -34ay -56bz -87cy 5 -55ay -115by -I04bz 4 
1.5 Month 54" 41" 39* 6 -6" -16bx -38cx 8 
3 Month -24by -4ay ^ax 12 -5" -34bx -16aby 8 
SEM 7 2 12 7 8 5 
a 
"Different letters within a row with same packaging are different (P < 0.05); n = 4. 
* 'Different letters within a column with same irradiation dose are different (P < 0.05); n = 4. 
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Table 6. Gas production of precooked, turkey breast with different packaging, irradiation 
dose, and storage time at -40 C 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 kGv 5 kGv SEM 0 2.5 kGv 5 kGv SEM 
(ppm1) 
— VFF"1 J 
Carbon monoxide 
0 Month 366c 56lbx 732" 49 280cx 884bx 1138" 56 
3 Month 224b 240aby 290ay 16 158cy 326by 409ay 13 
SEM 42 26 39 20 39 52 
— (ppm ) 
Methane 
0 Month 26bx 46abx 66" 6 23" 115bx 188" 6 
3 Month 6by I0ay I3ay 3 3cy 25by 56ay 3 
SEM 2 2 5 2 
( %h 
2 9 
Carbon dioxide 
0 Month 5.1bx 6.7" 5.5bx 0.4 8.4bx 11.2" 12.6" 0.6 
3 Month 0.9y l.ly 1.0y 0.1 l.9aby 2.3ay 1.7by 0.1 
SEM 0.2 0.4 0.2 0.1 0.1 0.2 
'""Different letters within a row with same packaging are different (P < 0.05); n =4. 
"^Different letters within a column with same irradiation dose are different (P < 0.05); n = 4. 
'Gas concentration in headspace (14 mL) from 10 g of meat. 
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CHAPTER 4. CARBON MONOXTOE-HEME PIGMENT IS RESPONSIBLE FOR 
THE PINK COLOR IN IRRADIATED RAW TURKEY BREAST MEAT1 
A paper published in the Meat Science2 
K. C. Nam3 and D. U. Ahn4 
Abstract 
Turkey breast muscles were aerobically or vacuum packaged, irradiated at 0, 2.5, or 
5.0 kGy using a Linear Accelerator (electron beam), and stored at 4°C. The CIE color 
values, reflectance scan, oxidation-reduction potential (ORP), production of gaseous 
compounds, and lipid oxidation of samples were determined at 0, I, and 2 weeks of storage. 
Absorption spectra of sample drips were determined at I week of storage. Irradiation 
increased the a-value of both aerobically and vacuum-packaged turkey breast, but vacuum-
packaged meat had stronger intensity than the aerobically packaged. The increased redness in 
vacuum-packaged meat was stable during the 2 weeks of storage. The production of CO in 
meat, which can bind to myoglobin as a sixth ligand, was proportional to irradiation dose. 
The ORP was decreased by irradiation, but was increased during storage. The ORP and lipid 
oxidation values were lower in vacuum-packaged than those in aerobically packaged turkey 
breast. Therefore, increased a-values in irradiated turkey breast should be caused by the 
decreased ORP and heme pigment-CO ligand formation. The absorption spectra of meat drip 
also showed that the peak wavelengths of irradiated turkey breast were similar to that of the 
CO-myoglobin. 
'Journal Paper No. J-19188 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, IA. Project No. 3322, supported by Iowa Turkey Federation and the Meat 
Export Research Center. 
"Reprinted with permission of the Meat Science, 2002,60:25-33. 
^Primary researcher and author. 
4Author for correspondence. 
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Introduction 
Ionizing radiation is an excellent method to reduce microbial numbers, but can 
significantly influence color of meat. Irradiated chicken and turkey breast muscles had 
increased redness and the increased red or pink color was stable during refrigerated storage 
(Millar, Moss, MacDougall, & Stevenson, 1995: Nanke, Sebranek, & Olson, 1998). The 
increases of redness in meat by irradiation vary depending on species, muscle type, 
irradiation dose, and packaging environment (Ahn, Olson, Jo, Chen, Wu, & Lee, 1998). 
The identification of pigment generated by irradiation is not clear yet. Nanke et al. 
(1998) speculated the red color produced in irradiated raw pork and turkey was induced by 
the formation of an oxymyoglobin-like pigment. The red pigment, however, cannot be 
regarded as only an oxymyoglobin pigment, because the red color formed by irradiation has 
been produced in mainly anoxic conditions. Luchsinger et al. (1996) found that the increased 
red color was more intense and stable in vacuum packaging than in aerobic packaging during 
refrigerated storage. Satterlee, Wilhelm, and Barnhart (1971) reported that the presence of air 
slightly inhibited the formation of red color in irradiated bovine metmyoglobin solutions. 
Millar et al. (1995) found that irradiated chicken breasts had a definite change from the usual 
brown/purple color to a more vivid pink/red color, and postulated that the red/pink color 
might be a ferrous myoglobin derivative such as carboxy-myoglobin or nitric oxide-
myoglobin other than oxymyoglobin. 
Fresh meat color is determined by the status of heme-iron and the sixth ligand 
molecule attached to heme-iron. Ahn and Maurer (1990) reported that the pink color of 
turkey breast could be formed by the binding of denatured ferrocytochrome c with several 
ligands. For red pigments to be expressed in irradiated turkey breast, more reduced 
conditions are needed to maintain heme-iron at a ferrous state. Therefore, any conditions that 
can change the oxidative status of heme-iron and that produce new gaseous ligand 
compounds in meat can influence color of meat. Our preliminary study indicated that 
irradiation of meat decreased oxidation-reduction potential (ORP) and produced gaseous 
compounds that can act as a sixth ligand of myoglobin. Furuta, Dohmaru, Katayama, 
Toratoni, and Takeda (1992) also reported 'hat radiolytic CO gas was detected in irradiated 
beef, pork, and poultry meat. Therefore, we hypothesized that a certain gaseous compound 
80 
and reducing conditions induced by irradiation could be responsible for the red or pink color 
pigment formation in irradiated turkey breast. Color changes in irradiated meats have been 
observed in many irradiation studies, but there has been little available information on the 
color changes in poultry white muscle. Furthermore, no attempt has been made to elucidate 
the mechanisms of color changes and characterize the color compounds in irradiated meat. 
The objectives of our study were to characterize the color compounds generated by 
irradiation and to determine the effects of packaging and storage on red or pink color in 
irradiated turkey breast meat. Our results could provide important clues in understanding the 
mechanisms of color changes and identifying the color compounds in irradiated meat. 
Materials and Methods 
Sample preparation and irradiation 
Fifty turkey breast muscles (Pectoralis major muscle only) were randomly grouped to 
achieve eight replications. The turkey breast muscles were trimmed of all skin and fat from 
the surface, and the lean muscles were sliced to 3-cm-thick steaks and packaged in either 
polyethylene oxygen-permeable (10x15 cm, Associated Bag Company, Milwaukee, Wl) or 
oxygen-impermeable nylon/polyethylene bags (9.3 ml Oi/m"/24 hr at 0°C; Koch, Kansas 
City, MO). After packaging, they were stored overnight at 4°C and then irradiated using a 
Linear Accelerator (Circe HIR, Thomson CSF Linac, Saint-Aubin, France). The target doses 
of irradiation were 0, 2.5, and 5.0 kGy. The energy and power level used were 10 MeV and 
10 kW, respectively, and the average dose rate was 95.5 kGy/min. The max/min ratio was 
approximately 1.28 for 2.5 kGy and 1.18 for 5 kGy. To confirm the target dose, two alanine 
dosimeters per cart were attached to the top and bottom surfaces of the sample. The alanine 
dosimeters were read using a 104 Electron Paramagnetic Resonance Instrument (Bruker 
Instruments, Inc., Billerica, MA). The turkey breast samples were stored at 4°C for up to 2 
weeks. During the entire storage time, meat samples were exposed to a light source (Philips, 
fluorescent 40 W Cool White). Color, reflectance spectra, gas production, ORP, and lipid 
oxidation of meat samples were determined at 0. 1, and 2 weeks, and absorption spectra were 
determined using the meat drip from aerobically packaged samples at 1 week of storage. 
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CIE color, reflectance, and absorption spectra 
CIE color values were measured on the surface of samples with a LabScan 
spectrophotometer (Hunter Associated Labs. Inc., Reston, VA) that had been calibrated 
against a black and white reference tile covered with the same packaging bags used for 
samples. The CIE L-(lightness), a-(redness), and b-(yellowness) values were obtained 
(American Meat Science Association, 1991) using an illuminant A. An average value from 
two random locations on each sample surface was used for statistical analysis. 
Reflectance spectra were obtained from the scanning mode of the LabScan 
spectrophotometer (Hunter Associated Labs.). Illuminant source and other conditions were 
the same as in measuring CIE color values. The reflectance of samples was scanned over the 
range of between 400- and-700 nm wavelength by the interval of 10 nm. To get sharper 
peaks and better separation than reflectance measurement, continuous absorption spectra 
were measured at I week of storage, from aerobically packaged samples. Meat juices were 
collected from the inside of packaging bags and centrifuged at 8,000 x g for 2 min. The 
supernatant was immediately scanned in the range of 400- to 700-nm using a 
spectrophotometer (Beckman DU 640, Beckman Instruments, Inc., Fullerton, CA). The 
interval of scanning was 1 nm. The data of reflectance and absorbance at each wavelength 
were averaged by treatment and converted into a graph using an Excel program (IBM, White 
Plains, New York). 
Gas compounds analysis 
To identify the gaseous compounds produced by irradiation, CO (CO), nitric oxide 
(NO), and hydrogen sulfide (H?S) gases were purchased from Aldrich (Milwaukee, WI), and 
hydrogen (H?), methane (CHi), and carbon dioxide (CO,) were purchased from Praxair 
(Danbury, CT). The standard gases were analyzed using a gas chromatograph (GC, Model 
6890, Hewlett Packard Co., Wilmington, DE) with a flame ionization detector (FID) or a 
thermal conductivity detector (TCD). In particular, a Supel-Q or Carboxen-1006 Plot column 
(30 m x 0.32 mm id, Supelco, Bellefonte, PA) was used to determine sulfur and carbon gas 
compounds, respectively. 
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The method of Furuta et al. ( 1992) was modified for detection of carbon-
related gases. Minced control or irradiated meat sample (10 g, 1-2 mm thick) was 
placed in a 24-mL glass vial without cap. To minimize experimental errors by air 
incorporation, the sample vial was vacuum-packaged in an oxygen-impermeable bag. 
The sample vial was microwaved for 10 sec at full power to release gaseous 
compounds from meat. In 5 min from the microwaving, the headspace-gas (200 fiL) 
was withdrawn using an airtight syringe and injected to a splitless inlet of a GC 
(Model 6890, Hewlett Packard Co., Wilmington, DE). A Carboxen 1006 Plot column 
(30 m x 0.32 mm id, Supelco, Bellefonte, PA) was used, and a ramped oven 
temperature was programmed (50°C, increased to 180°C at 25°C/min, increased to 
200°C at 50°C/min). Helium was the used carrier gas at a constant flow of 2.4 
ml/min. FID equipped with a Nickel catalyst (Hewlett Packard Co., Wilmington, DE) 
was used for the methanization of CO and CO,, and the temperatures of inlet, 
detector, and Nickel catalyst were 250, 280, and 375°C, respectively. Detector (FID) 
air, Hz, and make-up gas (He) flows were 400,40, and 50 ml/min, respectively. The 
identification of gaseous compounds was achieved using standard gases and a 
GC/MS, and the area of each peak was integrated by using Chemstation software 
(Hewlett Packard Co., Wilmington, DE). To quantify the amount of CO released, a 
peak area (pA*sec) was converted to a concentration (ppm) of gas in head space (14 
mL) from 10 g meat compared to CO, concentration (330 ppm) in air. 
Oxidation-reduction potential 
The method of Moiseev and Comforth (1999) was modified to determine the change 
of ORP in turkey breast samples. A pH/ion meter (Accumet 25, Fisher Scientific, Fair Lawn, 
NJ) was used. A platinum electrode filled with a 4 M-KC1 solution saturated with AgCl was 
tightly inserted in the center of a meat sample (100g). To minimize the effect of air, the 
smallest possible pore was made by a cutter before inserting the electrode. To compensate for 
the effect of temperature, a temperature-reading sensor was also inserted. ORP readings 
(mV) were recorded at exactly 3 min after the insertion of the electrode into the sample. 
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Lipid oxidation 
Lipid oxidation was determined by the method of thiobarbituric acid-reactive 
substance measurement (TBARS, Ahn, Olson, Lee, Jo, Wu, & Chen, 1988). Minced sample 
(5 g) was placed in a 50-mL test tube and homogenized with 15 mL deionized distilled water 
(DDW) using a Brinkman Polytron (Type PT 10/35, Brinkman Instrument, Inc., Westbury, 
NY) for 15 sec at high speed. The meat homogenate (1 mL) was transferred to a disposable 
test tube (13 x 100mm), and butylated hydroxytoluene (BHT, 7.2% in ethanol, 50 ^ L) and 
thiobarbituric acid/trichloroacetic acid (TBA/TCA) solution (2 mL) were added. The mixture 
was vortexed and then incubated in a 90°C water bath for 15 min to develop color. After 
cooling for 10 min in cold water, the sample was vortexed and centrifuged at 3,000 x g for 15 
min at 5°C. The resulting upper layer was determined at 531 nm against a blank containing 1 
mL DDW and 2 mL TBA/TCA solution. The amounts of TBARS were expressed as 
milligrams of malondialdehyde per kilogram of meat using a standard curve. 
Statistical analysis 
The experimental design was to determine the effects of irradiation, packaging, and 
storage time on color change, gas production, ORP, and lipid oxidation in samples during the 
2 weeks of storage. Data were analyzed using SAS software (SAS Institute Inc., 1985) by the 
generalized linear model procedure; Student-Newman-Keul's multiple range test was used to 
compare differences among means. Mean values and standard error of the means (SEM) 
were reported. Significance was defined at p < 0.05. Pearson's correlation coefficients 
between color values, irradiation dose, storage time, ORP, CO, and TBARS values were 
calculated under the same packaged environment. 
Results and Discussion 
Color values 
The surface CIE color values of aerobically and vacuum-packaged turkey breast meat 
were compared by the effects of irradiation dose and storage time (Table 1). Irradiation 
increased redness (a-value) of both aerobically and vacuum-packaged turkey breast. The 
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color changes were not localized in any specific area but evenly distributed over the whole 
meat sample. The increased redness was irradiation dose-dependent and was stable during 
the 2-week storage periods. Vacuum-packaged and irradiated turkey breast had higher a-
values and more stable red/pink color than the aerobically packaged turkey breast. The a-
values of vacuum-packaged and irradiated turkey breast increased after 2 weeks of storage. 
The lightness (L-value) did not change in aerobically packaged turkey breast 
regardless of irradiation and storage time. Vacuum-packaged meat samples showed 
inconsistent L-values. Irradiation did not affect the yellowness (b-value) of turkey breast in 
both packaging conditions. Regardless of irradiation, b-values of aerobically packaged turkey 
breast increased with increasing storage time. Therefore, b-value can be used as an indicator 
of storage time in aerobic conditions. 
Gas compounds 
To identify gaseous compounds that can be a sixth ligand of heme pigments in 
irradiated turkey breast, the production of gas compounds such as CO, NO, H,S, H], CHi, 
and COz were analyzed using a GC with two types of detectors (FID or TCD) with or without 
a Nickel catalyst. Among the gas compounds detected in irradiated turkey breast, the 
production of CO and CH* were produced with irradiation-dose dependence. CO has a strong 
affinity to heme pigments and can be considered as a possible sixth ligand of myoglobin, 
which could be responsible for the red or pink color in irradiated turkey breast (Table 2). 
Watts, Wolfe, & Brown (1978) found that fresh meat exposed to low levels of CO gas turned 
red with the formation of CO myoglobin. Irradiation generated CO gas in both aerobically 
and vacuum-packaged meat, but the vacuum-packaged turkey breast showed more CO 
production than the aerobically packaged turkey breast. 
After 2 weeks of storage, the amount of CO decreased in aerobically packaged 
irradiated turkey breast. Most CO gas produced by irradiation escaped under aerobic 
conditions, but a small amount of CO was generated in nonirradiated samples, and the gas 
production could be attributed to microbial growth (Table 2). On the other hand, a 
considerable amount of CO remained in vacuum-packaged irradiated turkey breast, and it can 
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be considered that the gas was related to the vivid red color that existed in the vacuum-
packaged meat samples stored for 2 weeks. 
Oxidation-reduction potential and lipid oxidation 
To elucidate the change of oxidative status of the heme pigments of turkey breast, 
ORP and lipid oxidation (TBARS) were determined. The ORP of turkey breast meat initially 
decreased by irradiation in both aerobically and vacuum-packaged conditions, but vacuum-
packaged turkey breast had much lower ORP values than the aerobically packaged turkey 
breast (Table 3). Irradiation can provide meat with strongly reduced environments. Swallow 
(1984) reported that hydrated electrons, one of the radiolyzed radicals produced by 
irradiation, could act as a very powerful reducing agent, and reacted with ferricytochrome 
and produced ferrocytochrome. Shahidi, Pegg, and Shamsuzzaman (1991) reported that 
irradiation increased the reducing potential of sodium ascorbate. We postulate that the iron of 
myoglobin was changed to a ferrous iron under the reduced conditions of irradiated turkey 
breast, and the reduced iron had stronger affinity to accept a ligand and produced a red color. 
In irradiated turkey breast, therefore, the ORP explains the higher a-values in vacuum-
packaged meat samples than in aerobically packaged. 
As the storage time increased, however, the ORP in irradiated turkey breast increased, 
whereas the ORP in nonirradiated turkey breast decreased in both packaging conditions. 
Generally, the ORP of raw meats declines during the initial storage due to the oxygen 
consumption of meat tissues or microorganisms. Comforth, Vahabzadeh, Carpenter, & 
Bartholomew ( 1986) reported that microbial growth decreased ORP and thus increased 
reducing capacity. After 2 weeks of storage, the differences of ORP between nonirradiated 
and irradiated turkey breasts disappeared or reverted within the same packaging condition. 
Although ORP value decreased in the processing of irradiation, the reduced condition 
produced in irradiated meat was not maintained during the storage. The result did not 
coincide with the red color of stored irradiated meat, because the color of irradiated meats 
was still redder or pinker than nonirradiated meats during storage. The red pigments 
generated by irradiation were fairly stable against the increased oxidative environment stress 
86 
during the storage time. We can expect that ligand molecules having high affinity to heme 
pigment could be generated by irradiation. 
Irradiation and storage effects on lipid oxidation were detected only in aerobically 
packaged turkey breast (Table 4). In aerobically packaged meat, TBARS values were higher 
in irradiated turkey breast than in nonirradiated turkey breast. Lipid oxidation increased with 
storage, and the increase was more distinctive in irradiated meat. Irradiation and storage time 
did not affect the TBARS values in vacuum-packaged samples. The TBARS values of meat 
samples were related to ORP and packaging type; vacuum-packaged samples had lower ORP 
and TBARS values than aerobically packaged samples. Therefore, vacuum-packaged 
conditions supplied the heme pigments of turkey breast with strongly more reduced 
conditions, which increased the intensity of a-value. Within the same packaging condition, 
however, the decreased redox potential after irradiation could not be explained by the 
changes of TBARS values in turkey breast. The free radicals produced by irradiation played 
a role in promoting the lipid oxidation in turkey breast. However, irradiation also produced 
more reduced environments, which increased color intensity in irradiated meat. 
Reflectance and absorption spectra 
At 1 week of storage, absorption spectra of meat drips from aerobically packaged 
turkey breast were characterized by the absorption maxima of 420, 536, and 566 nm (Fig. 1 ). 
Compared with the spectra of nonirradiated samples, irradiation moved two absorption peaks 
that existed in the 500- to 600-nm region into shorter wavelengths. The changes in absorption 
maxima indicated that the color pigments of irradiated meat were not oxymyoglobin 
(absorption maxima at 543 nm and 580nm) or nitric oxide-myoglobin (absorption maxima at 
547 nm and 578 nm), because the two absorption maxima of irradiated meat were shorter 
than the usual absorption maxima of oxy- or nitric oxide-myoglobin. Peak intensity could not 
be compared due to the different concentrations of samples obtained from meat juices. 
Reflectance spectra of aerobically packaged turkey breast also confirmed the result 
from the absorption spectra (Fig. 2). The reflectance spectra from nonirradiated meat surfaces 
showed that the color pigments consisted of mainly deoxymyoglobin. Two reflectance 
minima were formed by irradiation in the range of 500- to 600-nm, and the intensity of the 
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minima from 5 kGy-irradiated samples was lower than that of 2.5 kGy-irradiated samples. 
The wavelengths of reflectance minima in 5 kGy-irradiated meat samples were not different 
from those in 2.5 kGy-irradiated samples. In the range between 600- and 700-nm (red color 
spectrum), irradiated samples had higher reflectance values than nonirradiated samples. 
Overall, the reflectance of vacuum-packaged turkey breast was lower than that of the 
aerobically packaged turkey breast (Fig. 3). The spectra of vacuum-packaged, nonirradiated 
turkey breast showed that a large proportion of the pigments was reduced-myoglobin or 
hemoglobin. As in aerobically packaged meat, irradiation formed two distinctive reflectance 
minima in the range of 500- to 600-nm, and the reflectance minima were sharper and lower 
than those of aerobically packaged meat. As a result, the meat had a more intense red color in 
irradiated vacuum-packaged samples than in aerobically packaged samples. In the range 
between 600- and 700-nm (red color spectrum), irradiated samples showed higher reflectance 
values than the nonirradiated samples as in aerobically packaged meat. 
Correlation 
The correlation coefficients between CIE color values, irradiation dose, storage time, 
and the other analytical values are shown in Table 5. In both aerobically and vacuum-
packaged turkey breast, the a-values of turkey breast were positively correlated with the 
irradiation dose and the amount of CO gas produced (p < 0.01). Although a significant 
correlation was not found between a-value and ORP, irradiation significantly decreased the 
ORP during irradiation. Therefore, increased a-values can be caused by the decreased ORP 
and heme pigment-CO ligand formation in irradiated turkey breast. The increased a-values in 
irradiated turkey breast were maintained regardless of increased ORP and lipid oxidation 
during the 2 weeks of storage. The result shows that the initial red or pink pigments formed 
by irradiation were stable against oxidation during the storage time. 
In aerobically packaged meat, b-value was positively correlated with L value, 
TBARS value, and storage time. Therefore, b-value can be a reliable indicator of storage 
history or lipid oxidation in aerobically packaged meat. On the other hand, b-value in 
vacuum-packaged meat was negatively correlated with L-value and positively correlated with 
only TBARS value. 
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Conclusion 
Irradiation generated a few gas compounds, one of which was CO, and provided more 
reduced environments to the heme pigments in turkey breast. Therefore, we suggest that CO-
myoglobin (absorption maxima 541 and 577 nm) is a major heme pigment responsible for the 
red or pink color in irradiated turkey breast. Only one type of pigment cannot explain all 
irradiated meat color. Much more specific identification will be needed under various 
specific conditions such as meat species, muscle type, and packaging environments. A more 
thorough understanding of color changes in irradiated meat and meat products is needed to 
educate consumers and to increase acceptance for irradiated meat products in the future. 
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Table 1 
CIE color values of turkey breast with different packaging, irradiation, and storage 
conditions'" 
Irradiation dose (kGv) 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 5.0 SEM" 0 2.5 5.0 SEM 
L-value 
0 Week 47.70 45.85y 48.78 1.17 45.78y 47.33 47.28xy 0.83 
1 Week 48.32 X 
00 p
 
8
 48.54 1 1 1  49.23x 49.66 49.89x 1.30 
2 Week 48.66 49.18X 48.05 1.03 44.27by 47.72a 45.43by 0.63 
SEM 1.39 0.88 0.96 0.85 0.98 1.03 
a-value 
0 Week 3.02c 4.69b 6.45a 0.29 2.86cy 5.72by 6.93ay 0.26 
1 Week 3.04b 5.28a 5.61a 0.26 2.90cy 5.60by 6.42ay 0.24 
2 Week 3.49c 4.96b 5.85a 0.23 3.73cx 6.77bx 8.64ax 0.21 
SEM 0.27 0.21 0.30 0.20 0.24 0.27 
b-value 
0 Week 6.00aby 5.26by 6.5lay 0.28 5.33 5.04x 5.43 0.28 
1 Week 6.39y 7.35x 7.21xy 0.49 4.04 4.l0y 4.34 0.43 
2 Week 7.78x 8.08x 8.01x 0.30 5.13 5.43x 5.40 0.28 
SEM 0.45 0.27 0.37 0.39 0.27 0.33 
'Different letters (a-c) within a row with the same packaging are different (p < 0.05). 
"Different letters (x, y) within a column of the same irradiation dose are different (p < 0.05). 
"SEM, standard error of the means, n = 8 
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Table 2 
The production of CO in turkey breast with different packaging, irradiation, and storage 
conditions'" 
Irradiation dose (kGv) 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 5.0 SEMC 0 2.5 5.0 SEM 
— —— Unit (ppm ) ----------——— ——-—•—— 
0 Week Ocz 328bx 593ax 87 Ocy 445b 999ax 100 
1 Week 45by 359ax 509ax 67 19cx 394b 560ay 40 
2 Week 74x I34y I44y 29 6cxy 365b 533ay 31 
SEM 9 66 91 4 42 104 
'Gas concentration in headspace (14 mL) from 10 g meat 
'Different letters (a-c) within a row with the same packaging are different (p < 0.05). 
"Different letters (x-z) within a column of the same irradiation dose are different (p < 0.05). 
"SEM, standard error of the means, n = 8. 
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Table 3 
Oxidation-reduction potential of turkey breast with different packaging, irradiation, and 
storage conditions' " 
Irradiation dose (kGv) 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 5.0 SEM" 0 2.5 5.0 SEM 
« 
— Unit (mV) 
0 Week -I5.7ax -174.7bz -9l.2bz 10.7 -74.0ax -193.2b -279.0cy 26.7 
I Week -19.0cx I l.7by 34.5ay 6.1 -147.7bz -127.2ab -I09.7ax 9.5 
2 Week -58.7by 46.2ax 65.5ax 7.2 -I I3.5y -145.2 -I34.7x 8.3 
SEM 10.1 7.3 6.9 9.7 16.9 22.2 
'Different letters (a-c) within a row with the same packaging are different (p < 0.05). 
"Different letters (x-z) within a column of the same irradiation dose are different (p < 0.05). 
"SEM, standard error of the means, n = 8. 
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Table 4 
TEARS values in turkey breast with different packaging, irradiation, and storage 
conditions3'11 
Irradiation dose (kGv) 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 5.0 SEMC 0 2.5 5.0 SEM 
Unit (mg malondialdehyde/kg meat) 
0 Week 0.33b 0.4 lay 
1 o 0.02 0.34 0.35 0.38 0.01 
I Week 0.54b 0.48by 0.65ay 0.08 0.25 0.33 0.32 0.05 
2 Week 0.58c 0.99bx 1.2 6 ax 0.07 0.32 0.36 0.34 0.03 
SEM 0.07 0.06 0.06 0.32 0.36 0.02 
'Different letters (a-c) within a row with the same packaging are different (p < 0.05). 
^Different letters (x,y) within a column of the same irradiation dose are different (p < 0.05). 
CSEM, standard error of the means, n = 8. 
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Table 5 
Pearson correlation coefficients between color values, irradiation dose, storage time, CO, 
redox potential, and TEARS of turkey breast 
a-value b-value IRa Storage CO ORPb TBARSC 
Aerobic packaging 
Lvalue 0.22 0.69* 0.08 0.44 0.12 0.61 0.18 
a-value . 0.28 0.93** 0.01 0.80** 0.12 0.38 
b-value 0.23 0.90** -0.12 0.75* 0.74* 
IR . 0.00 0.74* 0.21 0.43 
Storage 
• 
-0.38 0.63 0.78* 
CO 
• 
-0.23 -0.17 
ORP 
• 
0.65 
Vacuum packaging 
L-value 0.05 -0.76* 0.20 -0.21 0.23 -0.09 -0.30 
a-value . 0.33 0.88** 0.26 0.79** -0.39 0.58 
b-value 0.17 0.03 0.23 -0.23 0.73** 
IR . 0.00 0.89** -0.44 0.47 
Storage 
• 
-0.23 0.37 -0.19 
CO -0.74* 0.63 
ORP : -0.42 
"Irradiation dose. 
^Oxidation-reduction potential. 
c2-thiobarbituric acid reactive substances. 
* Value with significant correlation ( p  <  0.05). n = 18. 
**Value with significant correlation (p <0.01). 
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Figure 1. Absorption spectra of meat juice from aerobically packaged turkey breast with 
different irradiation doses. 
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Figure 2. Reflectance spectra of aerobically packaged turkey breast with different irradiation 
doses. 
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Figure 3. Reflectance spectra of vacuum-packaged turkey breast affected by irradiation dose 
at 7 days of storage. 
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CHAPTER 5. MECHANISMS OF PINK COLOR FORMATION IN IRRADIATED 
PRECOOKED TURKEY BREAST MEAT' 
A paper published in the Journal of Food Science2 
K. C. Nam3 and D. U. Ahn4 
Abstract 
Precooked turkey breast meat was aerobically packaged or vacuum-packaged and 
irradiated at 0, 2.5, or 5.0 kGy. CIE color, reflectance, oxidation-reduction potential (ORP), 
gas production, and lipid oxidation were determined at 0, 7, and 14 days. Irradiation 
increased redness of vacuum-packaged meat, and the redness was distinct and stable under 
vacuum. Irradiation decreased ORP and produced carbon monoxide (CO). This indicated that 
the pink color was caused by the heme pigment-CO complex formation. The reflectance of 
meat and the absorption spectra of myoglobin solution supported the assumption that the 
denatured CO-myoglobin is the pigment in irradiated precooked turkey breast. 
Introduction 
The normally expected color for cooked poultry breast meat is grayish brown. 
Whenever cooked poultry breast meat shows pink or red color, consumer suspect that the 
meat is undercooked or contaminated. Pink defect in cooked meat could be produced by 
incompletely denatured myoglobin or oxymyoglobin, reduced globin hemochromes of well-
cooked meat, contamination with nitrite or nitrate, or the absorption of combustion gases 
'Journal paper No. J-19216 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, IA. Project No. 3322, supported by Iowa Turkey Federation and the Meat 
Export Research Center. 
"Reprinted with permission of the Journal of Food Science, 2002,67:600-607. 
^Primary researcher and author. 
4Author for correspondence. 
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such as nitric oxide (NO) or carbon monoxide (CO) (Cornforth and others 1986). This pink 
defect should be focused on poultry breast meat because it is more susceptible to pink color 
formation than highly pigmented beef in the presence of sodium nitrate (Heaton and others 
2000). 
Irradiation is an excellent method to improve microbial safety of meat, but it can have 
negative effect on meat color, especially that of cooked meat. Irradiated raw chicken and 
turkey breast muscles had increased redness and the increased pink color was stable during 
refrigerated storage (Millar and others 1995; Nanke and others 1998). The brown color of 
cooked meat can also be partially converted to red by ionizing radiation. Hanson and others 
(1963) observed an objectionable red color in radiation-sterilized cooked chicken meat in the 
absence of oxygen. Jo and others (2000) found a significant increase in redness in cooked 
irradiated pork sausages. 
Identifying the pigment responsible for the pink color is prerequisite to prevent the 
color problem in irradiated cooked meat. Nanke and others (1998) speculated the pink color 
produced in irradiated raw pork and turkey was induced by the formation of an 
oxymyoglobin-like pigment. Millar and others (1995) found that irradiated chicken breasts 
underwent a definite change from the usual brown/purple color to a more vivid red/pink 
color, and postulated that the red/pink color might be a ferrous myoglobin derivative such as 
carboxy-myoglobin or nitric oxide-myoglobin rather than oxymyoglobin. The studies, 
however, were conducted with only fresh meat, and the identification and characterization of 
the pigments produced by irradiation were not done. 
The denatured heme pigments in cooked poultry breast muscles are chemically 
determined by the status of heme iron and the sixth ligand molecule attached to heme-iron. 
Ahn and Maurer ( 1990a,b) reported that many ligands can bind with denatured heme 
pigments and that the binding of heme pigments with ligands could increase the intensity of 
pink color in oven-roasted turkey breast. For denatured heme pigments to impart a pink color 
in fully cooked meat, irradiation should provide reducing conditions plus ligand molecule(s) 
with strong binding affinity to the heme iron. Nam and Ahn (2001) found that irradiation of 
raw turkey breast decreased oxidation-reduction potential (ORP) and produced gas 
compounds that can act as a sixth ligand of myoglobin. Therefore, we can hypothesize that 
* 
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production of certain gas compounds and increased reducing conditions induced by 
irradiation can be responsible for the pink color forming in precooked turkey breast. 
Color changes in irradiated raw meats have been reported in many irradiation studies, 
but little information is available on the color changes of cooked meat. The increase of 
redness by irradiation in raw meats varies depending on species, muscle type, irradiation 
dose, and packaging environment (Ahn and others 1998a). No attempt, however, was made 
to elucidate the mechanisms of color changes and to characterize the color compounds in 
irradiated precooked meat. To identify the pigment in irradiated precooked meat would be 
important to establish methods to control or modify the color in irradiated cooked meat. 
The objectives of this study were to determine the effects of packaging and storage on 
pink color formation in irradiated precooked turkey breast and to elucidate the mechanism 
involved in the generation of color compounds responsible for the pink defect. 
Materials and Methods 
Sample preparation and irradiation 
Pecioralis major muscles from 50 turkeys were randomly grouped for 8 replications. 
The muscles were ground twice through a 3-mm plate and meat rolls (diameter 12cm, length 
20cm) were prepared. The rolls were then cooked in a water bath to an internal temperature 
of 75°C. After chilling in running cold water for 1 hr, the rolls were sliced to 2.5-cm-thick 
pieces, and then aerobically repackaged in polyethylene oxygen-permeable (4" x 6", 2-mil, 
Associated Bag Company, Milwaukee, WI) or vacuum-packaged in oxygen-impermeable 
bags (nylon/polyethylene, 9.3 mL 0/m2/24 hr at 0°C; Koch, Kansas City, MO). After 
packaging, the meats were irradiated using a Linear Accelerator (Circe IIIR; Thomson CSF 
Linac, Saint-Aubin, France). The target doses of irradiation were 0,2.5, and 5.0 kGy. The 
energy and power level used were 10 MeV and 10 kW, respectively, and the average dose 
rate was 95.5 kGy/min. The max/min ratio was approximately 1.28 for 2.5 kGy and 1.18 for 
5.0 kGy. To confirm the target dose, 2 alanine dosimeters per cart were attached to the top 
and bottom surface of a sample. The alanine dosimeter was read using a 104 Electron 
Paramagnetic Resonance Instrument (Bruker Instruments Inc., Billerica, MA). The irradiated 
samples were stored at 4°C for up to 14 days. During the storage, samples were exposed to a 
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light source (Philips, fluorescent 40W Cook White). Color value, reflectance scanning, gas 
production, ORP, and lipid oxidation of the samples were determined at 0,7, and 14 days of 
storage. 
Color measurement and reflectance scanning 
The surface and internal CIE color L- (lightness), a- (redness), and b- (yellowness) 
values of samples were obtained (AMSA 1991) with a LabScan spectrophotometer (Hunter 
Associated Labs., inc. Reston, VA) that had been calibrated against a black and a white 
reference tile covered with the same packaging bags used for samples. For the internal color 
measurements, the center of meat samples was cut immediately before reading. An average 
value from 2 random locations on each sample surface was used for statistical analysis. 
Reflectance spectra were obtained from the scanning mode of the LabScan 
spectrophotometer over the range of 400 to 700 nm wavelength with an interval of 10 nm. 
Reflectance spectra at 7 days were reported here. Illuminant source and other conditions were 
the same as in measuring CIE color values. Data from 8 reflectance spectra at each 
wavelength were averaged by treatment and converted into a reflectance curve using an 
Excel program (Microsoft Corp.). 
ORP and lipid oxidation 
The method of Moiseeve and Comforth (1999) was modified to determine the change 
of ORP in meat samples using a pH/ion meter (Accumet 25; Fisher Scientific, Fair Lawn, 
NJ). A platinum electrode filled with a 4M KC1 solution saturated with AgCl was tightly 
inserted in the center of a meat sample. A small pore was made by a cutter before the 
insertion of an electrode to minimize effect of oxygen in air. A temperature-reading sensor 
was also inserted to compensate temperature effect. ORP readings (mV) were recorded in 
exactly 3 min after the insertion of an electrode to stabilize and equilibrate the reaction 
between electrode and sample. 
Lipid oxidation was determined by the method of thiobarbituric acid-reactive 
substances (TEARS) measurement (Ahn and others 1998b). Minced meat (5 g) was placed in 
a 50-mL test tube and homogenized with 15 mL deionized distilled water (DDW) using a 
Brinkman polytron (Type PT 10/35; Brinkman Instrument Inc., Westbury, NY) for 15 s at 
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high speed. The meat homogenate (1 mL) was transferred to a disposable test tube 
(13x100mm) and butylated hydroxytoluene (7.2%, 50 |AL) and thiobarbituric 
acid/trichloroacetic acid (TBA/TCA) solution (2 mL) were added. The mixture was vortexed 
and then incubated in a 90°C water bath for 15 min to develop color. After cooling for 10 
min in cold water, the sample was vortexed and centrifuged at 3,000 x g for 15 min at 5°C. 
The resulting upper layer was determined at 531 nm against a blank containing 1 mL DDW 
and 2 mL TBA/TCA solution. The amounts of TEARS were expressed as mg 
malondialdehyde per kg meat. 
Analysis of gas compounds 
Carbon monoxide (CO), nitric oxide (NO), and hydrogen sulfide (H.S) gas 
standards were purchased from Aldrich (Milwaukee, WI), and hydrogen (H,), methane 
(CHJ, and carbon dioxide (CO,) from Praxair (Danbury, CT) to identify gas compounds 
generated by irradiation in meat samples. The standard gases were analyzed using a gas 
chromatograph (GC, Model 6890; Hewlett-Packard Co., Wilmington, DE) equipped with 
either flame ionization detector or thermal conductivity detector with or without a Nickel 
catalyst. A Supel-Q or Carboxen-1006 Plot column (30m x 0.32 mm i.d.; Supelco, 
Bellefonte, PA) was used to determine sulfur or carbon gas compounds, respectively. Among 
the gas compounds detected in meat samples, the production of carbon monoxide, methane, 
and carbon dioxide were irradiation dose-dependent. Thus, these carbon gases were mainly 
analyzed during the storage. 
The method of Furuta and others (1992) was modified to detect carbon-related gases. 
Minced meat (10 g, 1 to 2 mm thick) was placed in a 24-mL wide-mouth screw-cap glass vial 
with a Teflon*fluorocarbon resin/silicone septum (I-Chem, Co., New Castle, DE). The vial 
was microwaved for 10 s at full power to release gas compounds from meat sample. After 5 
min cooling in room temperature, the headspace-gas (200 |AL) was withdrawn using an air­
tight syringe and injected into a split inlet (split ratio 9:1) of a GC. A Carboxen-1006 Plot 
column (30 m x 0.32 mm i.d.; Supelco, Bellefonte, PA) was used and a ramped oven 
temperature was programmed (50°C, increased to 180°C at 25°C/min, increased to 200°C at 
50°C/min). Helium was the carrier gas at a constant flow of 2.4 mL/min. FID equipped with 
a Nickel catalyst (Hewlett-Packard Co., Wilmington, DE) was used and the temperatures of 
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inlet, detector, and Nickel catalyst were set at 250,280, and 375°C, respectively. Detector 
(FID) air, H,, and make-up He gas flows were 400,40, and 50 mL/min, respectively. The 
identification of gaseous compounds was achieved using standard gases and GC-MS (Model 
5873; Hewlett- Packard Co.), and the area of each peak was integrated by using Chemstation 
software (Hewlett-Packard Co.). To quantify the amount of a gas released, a peak area 
(pA*sec) was converted to a concentration (ppm) of gas in the head space (14 mL) from 10 g 
meat compared to CO, concentration (330 ppm) in air. 
Absorption spectra of myoglobin derivatives 
To compare the reflectance minima of meat samples with absorption maxima of 
natural and denatured myoglobin derivatives were prepared. Equine myoglobin (Sigma 
Chemical Co., St. Louis, MO) was dissolved in 0.1 M citrate-phosphate buffer (pH 6.0) to 
make 2 mg/mL myoglobin solution. Myoglobin solution (3 mL) was placed in a wide-mouth 
screw-cap glass vial with a Teflon*fluorocarbon resin/silicone septum. Half of the samples 
were microwaved for 15 s to denature. The solution was converted to a reduced form by 
adding 200 pL sodium hydrosulfite (10 % Na,S;OJ. Immediately after injection of the ligand 
gas (3 mL; oxygen, carbon monoxide, or nitric oxide) into the pigment solution (using an air­
tight syringe), the solution was scanned in the range of 400 to 700 nm using a 
spectrophotometer (Beckman DU 640; Beckman Instruments, Inc., Fullerton, CA). The 
scanning interval was 1 nm and the experiments were replicated 4 times. Absorbance data at 
each wavelength were averaged and converted into a graph using a spreadsheet program 
(Excel, Microsoft Corp.). 
Statistical analysis 
The experimental design was to determine the effects of irradiation, packaging, and 
storage time on color change, gas production, ORP, and lipid oxidation in samples during the 
14 days of storage. Data were analyzed using SAS software (SAS 1985) by the generalized 
linear model procedure; the Student-Newman-Keuis' multiple range test was used to 
compare differences among means. Mean values and standard error of the means (SEM) 
were reported. Significance was defined at P< 0.05. Pearson's correlation coefficients 
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between color values, irradiation dose, storage time, ORP, CO, and TEARS within the same 
packaging environment were calculated. 
Results and Discussion 
Color values 
Irradiation increased the redness (a-value) of precooked turkey breast except for the 
surface color with aerobic packaging (Table 1). The increased redness was more distinct in 
vacuum than under aerobic condition, and it was also greater inside than on the surface. With 
aerobic packaging, irradiation did not influence the surface color of cooked turkey breast. 
The surface color was grayish brown regardless of irradiation, and the a-values decreased due 
to color oxidation during storage. The pink color intensity of the inside of cooked meat was 
stronger in irradiated meat than the nonirradiated, and the a-value was irradiation dose-
dependent. The pink color inside of aerobically packaged meat, however, mostly discolored 
to brown or yellow regardless of irradiation at 2 weeks because of pigment oxidation. 
Under vacuum packaging, the increased redness was irradiation dose-dependent both 
at surface and inside, and it was stable during the storage. The increased pink coloring was 
not happened in any localized area, but was uniformly found throughout the meat. The result 
is consistent with that of Luchsinger and others (1991) who reported that increased red color 
in irradiated pork was more intense and stable with vacuum packaging than aerobic 
conditions during refrigerated storage. Satterlee and others (1971) reported that the presence 
of air slightly inhibited the formation of red color in irradiated bovine metmyoglobin 
solutions. Therefore, the red color formed by irradiation produced in mainly anoxic 
conditions and the pigment generated by irradiation can not be regarded as only an oxygen-
related pigment. 
The lightness (L-value) of precooked turkey breast was not much different regardless 
of packaging, irradiation, and storage time. Irradiation decreased the surface yellowness (b-
value) of precooked turkey breast with both vacuum and aerobic packaging. Regardless of 
irradiation, b-value of aerobically packaged meat surface increased, but that of the inside 
decreased with storage. The a-values of internal color were higher than those of surface 
whereas the b-values of internal were lower than those of surface. This result shows that the 
pigment of internal part was not fully denatured. 
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ORP and lipid oxidation 
ORP and lipid oxidation (TEARS) were determined to elucidate oxidative changes in 
heme pigments of precooked turkey breast (Table 2). Irradiation decreased ORP of 
precooked turkey breast in both aerobic and vacuum packaging, but vacuum-packaged turkey 
breast had significantly lower ORP value than the aerobically packaged at 0 week. Comforth 
and others (1986) reported that hemochrome formation was promoted by reducing conditions 
and prevented by oxidizing conditions. Shahidi and others (1991) showed that irradiation 
increased the reducing potential of sodium ascorbate. We presume that irradiation and 
anaerobic conditions can provide hem pigments in meat with strongly reducing 
environments. We also believe that both undenatured and denatured heme pigments in 
cooked turkey may have been involved in heme-complex formations (with ligands available 
under the condition), which will be important for the pink color formation. Swallow (1984) 
reported that hydrated electron, a radiolyzed radical produced by irradiation, could act as a 
very powerful reducing agent, and react with ferricytochrome to produce ferrocytochrome. 
The decreased ORP by irradiation in aerobically packaged meat, however, was not low 
enough to produce the distinct pink color. 
The ORP increased faster under aerobic condition than vacuum with increasing 
storage time. Within each packaging condition, however, irradiated samples had lower ORP 
than the nonirradiated during the storage. Vacuum packaging maintained the decreased ORP 
conditions produced by irradiation during the 14 days of storage. The color of irradiated meat 
was still pinker than nonirradiated ones even after 14 days of storage under vacuum. The 
surface pink color generated by irradiation was stable during the storage with vacuum 
packaging. This indicated that some compounds that can make the sixth ligand of heme 
pigments were generated by irradiation. 
TEARS values were not directly related with the pink color generated by irradiation. 
Irradiation and storage effects on lipid oxidation were detected only in aerobically packaged 
turkey breast. With aerobic packaging, precooked irradiated turkey breast had higher TEARS 
values than the nonirradiated. The TEARS values of aerobically packaged meat increased 
with storage and the increase was greater by irradiation. Irradiation and storage time did not 
effect the lipid oxidation in vacuum-packaged meat. Although lipid oxidation was not 
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directly related to the pink color of irradiated precooked turkey breast, the high TEARS 
values in aerobically packaged meat partially explained the low a-values compared with the 
vacuum-packaged. Lipid oxidation proceeded along with pigment oxidation during 
aerobically packaged storage. 
Therefore, ORP of meat is better indicator than TEARS values to express the 
reducing conditions produced by irradiation. Free radicals produced by irradiation promoted 
the lipid oxidation of precooked turkey breast meat, while generated a reducing environment 
for heme pigments in irradiated meat. 
Production of gas compounds 
Irradiation, as well as cooking, produced carbon-containing gases such as CO, 
CH4, and CO, (Table 3). The gases were also detected in nonirradiated meat samples, but 
they increased proportionally with irradiation dose. CO is a strong field ligand to heme 
pigments, whereas CH, or CO, is a very stable gas. Therefore, CO can form complexes with 
heme pigments responsible for the pink color in irradiated precooked turkey breast. Watts 
and others (1978) reported that fresh raw meat exposed to low levels of CO gas turned red 
color with the formation of CO-myoglobin. Irradiation generated CO in both aerobically and 
vacuum-packaged meat, but vacuum-packaged turkey breast showed more CO value than 
aerobically packaged. 
The CO generated by cooking did not influence the redness of nonirradiated cooked 
turkey breast, but the CO produced by irradiation significantly increased the redness via the 
formation of CO-heme pigment complex. The ORP of nonirradiated cooked turkey breast 
was too high for the heme pigments to form complexes with ligands. Progressive loss of 
redness in meat with increasing cooking temperature results from progressive denaturation of 
pigments and the brown color in cooked meat is occurred due to oxidation and denaturation 
of heme pigments (Judge and others 1989). Thus, if cooked meat will maintain stable pink 
color, strongly reducing conditions are required. During the storage, the amount of CO 
decreased in aerobically packaged irradiated turkey breast. Most CO gas produced by 
irradiation escapes and/or dilutes under aerobic conditions. Under vacuum-packaged 
conditions, on the other hand, almost all the CO formed by irradiation and the pink 
irradiation color remains in the meat, even after 14 days of storage. 
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Although small, the amounts of CH, increased with irradiation and it was more 
irradiation dose-dependent than CO at 0 week. Therefore, CH, can be used as an indicator for 
irradiation dose. Furuta and others (1992) also reported that radiolytic CO gas was detected 
in irradiated beef, pork, and poultry meat. CO, was also detected in meat in proportion to 
irradiation dose. However, it cannot be used as an irradiation indicator because it is 
commonly used as a gas mixture for modified atmosphere packaging of meat. Seideman and 
others (1984) reported that CO, was beneficial in suppressing bacterial growth, but it induced 
a grayish tinge in fresh meat, whereas CO, gas had no significant effect on the discoloration 
of the red color in irradiated precooked turkey breast. 
Reflectance spectra 
The reflectance spectra of aerobically packaged precooked turkey breast were 
different on the surface than on the inside. On the surface of aerobically packaged precooked 
turkey breast, irradiation did not affect the reflectance spectra (Fig. 1 A). The spectra did not 
show any characteristic reflectance minima between 500- and 600-nm regions. Thus, the 
pigments should consist mostly of denatured metmyoglobin or hemichrome. 
The inside of aerobically packaged nonirradiated meat, however, had a reflectance 
minimum, but 5kGy-irradiated meat had distinctive 2 reflectance minima between 500- and 
600-nm regions (Fig. IB). This indicated that the main pigment in nonirradiated meat 
samples should be denatured reduced-heme pigment, whereas the pigments in irradiated ones 
would be denatured heme pigments with the sixth ligand occupied. The reflectance minima 
of irradiated precooked meat became shaper with increasing irradiation dose. Irradiated 
samples had higher reflectance values than the nonirradiated at 630- and 650-nm regions at 
which red color represents (AMSA 1991). 
Under vacuum, the surface and inside reflectance spectra of irradiated meat were 
similar (Fig. 2A and 2B). But nonirradiated meat samples had a reflectance minimum at 550 
nm on the surface and 2 reflectance minima at 550 and 570 nm inside. Irradiated precooked 
turkey breast had two distinct reflectance minima at 540 and 565 nm. The wavelengths of 
reflectance minima in 5-kGy irradiated meat samples were shorter than those of 2.5-kGy 
irradiated meats. Thus, irradiation shifted the reflectance minima into shorter wavelengths. 
The reflectance minima were shaper with increasing irradiation dose, and irradiated samples 
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had higher reflectance values than the nonirradiated ones at the red color region, which 
provide a strong color contrast. Tarladgis and Ehtashan-Ud-Din (1965) reported that the 
absorption maxima of both a- and b-bands shifted to shorter wavelengths with radiation, 
while that of Soret (400 nm) band moved toward longer wavelength. 
The shifted reflectance minima in irradiated precooked turkey breast were compared 
with the absorption maxima of natural and denatured myoglobin derivatives (Fig. 3A and 
3B). When reduced-myoglobin solution was flushed with CO, Or or NO, the absorption 
minima of CO-myoglobin (541, 577 nm) were positioned at shorter wavelengths than those 
of oxymyoglobin (543, 580 nm) or NO-myoglobin (547, 578 nm), respectively. The 
absorption spectra of denatured myoglobin solution showed that Oz and NO gas could little 
bind to denatured myoglobin whereas CO had strong binding capability to the denatured 
heme pigment (Fig. 3B). Therefore, CO detected in irradiated meat samples can be 
considered as a sixth ligand of denatured heme pigment, and denatured CO-myoglobin can 
be suggested as a heme pigment responsible for the pink color in irradiated vacuum-
packaged precooked turkey breast. 
Correlation 
Table 4 shows Pearson correlation coefficients between CIE color values and other 
factors in irradiated precooked turkey breast. In vacuum-packaged precooked turkey breast, 
the a-values of both surface and inside were positively correlated with the irradiation dose 
and the amount of CO gas produced. Although significant correlation between a-value and 
ORP was found in only inside meat color, the increased a-values by irradiation were 
correlated with ORP of meat surface at 0 week (r = -0.73). Therefore, the increased a-values 
of irradiated precooked meat with vacuum packaging could be attributed to the decreased 
ORP and the formation of heme pigment-CO complex. The result also showed that the pink 
pigment formed by irradiation was considerably stable against the oxidation during the 
storage. In aerobically packaged precooked turkey breast, the a-value of meat surface was not 
affected by irradiation because of oxidation. 
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Conclusions 
The mechanism of color conversion of precooked turkey breast meat by ionizing 
radiation can be explained as follows: irradiation provides reducing conditions and produces 
CO to which heme pigments can bind and increase the intensity of pink color. Therefore, 
CO-heme pigment can be a major color component responsible for the pink color in 
irradiated precooked turkey breast, and the pigment formed was stable with vacuum 
packaging. Nevertheless, only a type of pigment cannot explain all the irradiated meat color. 
More precise and broader analytical techniques are needed to identify and characterize other 
specific heme compounds produced by irradiation. 
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Table 1- CIE color values of precooked turkey breast meat with different packaging, 
irradiation dose, and storage 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 kGv 5.0 kGv SEM1 0 2.5 kGv 5.0 kGv SEM 
Surface color 
L v a l u e  
0 Week 81.25 80.23 81.37 0.44 81.28 80.60 80.81 0.57 
1 Week 80.73 80.87 80.92 0.55 81.33 80.97 80.60 0.79 
2 Week 81.21 81.06 81.29 0.42 79.58" 80.6 r 81.52" 0.53 
SEM 0.50 0.50 0.41 0.50 0.66 0.74 
a-value 
0 Week 6.85* 7.39' 7.42' 0.21 7.24"" 9.67" 9.87" 0.29 
I Week 6.25' 6.28' 6.86" 0.33 7.36e" 8.49"" 9.76" 0.20 
2 Week 6.06' 6.04" 6.43" 0.34 8.16"' 9.71" 10.08" 0.19 
SEM 0.28 0.29 0.32 0.20 0.26 0.23 
b-value 
0 Week 18.82" 18.54" 17.96"" 0.18 19.07" 17.52" 16.99"' 0.20 
1 Week 18.57" 17.72*" 17.58"" 0.13 17.85" 16.69" 14.81" 0.28 
2 Week 19.59' 19.43' 19.75' 0.24 19.10" 17.77" 15.98"" 0.39 
SEM 0.19 0.20 0.19 0.25 0.36 0.28 
Internal color 
L-value 
0 Week 83.98'" 83.82 82.99 0.78 84.36" 84.78" 81.49" 0.80 
I Week 84.91' 82.66 82.84 0.66 83.50 84.01 81.39 0.94 
2 Week 81.79' 82.16 81.85 1.03 82.79 82.41 82.98 0.59 
SEM 0.77 0.93 0.80 0.69 0.77 0.89 
a-value 
0 Week 8.09' 9.16" 10.81" 0.24 7.84e" 9.47" 12.40" 0.45 
1 Week 8.56" 9.85" 10.50" 0.38 9.42"' 9.79" 11.55" 0.21 
2 Week 8.48 7.84y 8.10y 0.46 7.04e" 8.82" 9.40" 0.17 
SEM 0.36 0.37 0.40 0.30 0.27 0.62 
b-value 
0 Week 14.96' 15.88' 14.97' 0.29 15.65" 15.82' 15.94' 0.46 
1 Week 14.58' 15.49' 15.39' 0.33 16.65' 15.86' 16.11' 0.48 
2 Week 13.53" 14.12' 13.69" 0.36 13.82' 13.28' 12.75" 0.34 
SEM 0.25 0.39 0.33 0.26 0.46 0.53 
'Standard error of the means. 
"Different letters within a row with same packaging are different (p < 0.05). 
"Different letters within a column with same irradiation dose are different (p < 0.05). 
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Table 2- Oxidation-reduction potential (ORP) and TB ARS values in precooked turkey 
breast meat with different packaging, irradiation dose, and storage 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 kGv 5.0 kGv SEM1 0 2.5 kGv 5.0 kGv SEM 
ORP (mV) 
0 Week -19" -49* -62b> 6 -48" -71" -104* 8 
1 Week 102" 68" 75" 7 -49" -53"" -50"" 7 
2 Week 113" 84" 82" 4 -18" -41"" -59" 8 
SEM 7 6 4 4 5 11 
TBARS (mg malondialdehyde/kg meat) 
0 Week 2.o r 4.09' 3.71z 0.39 1.49" 1.22 1.05 0.14 
1 Week 7. i r  9.43* 6.25' 0.80 1.88" 1.27" 1.30" 0.08 
2 Week 6.9 r 9.76" 9.83" 0.77 l.0ly 0.93 0.98 0.08 
SEM 0.51 0.90 0.60 0.12 0.07 0.09 
1 Standard error of the means. 
'"'Different letters within a row with same packaging are different (p < 0.05). 
' Different letters within a column with same irradiation dose are different (p < 0.05). 
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Table 3- Gas production in precooked turkey breast meat with different packaging, 
irradiation dose, and storage 
Aerobic packaging Vacuum packaging 
Storage 0 2.5 kGv 5.0 kGv SEM1 0 2.5 kGv 5.0 kGv SEM 
Carbon monoxide (ppm ) 
0 Week 220" 319" 456" 16 227" 370"* 575" 12 
I Week 230" 210* 26 r 22 154" 336"*' 558" 14 
2 Week 134' 181' 227' 30 130" 289* 450" 18 
SEM 21 25 23 14 14 16 
Methane (ppm) 
0 Week 5" 13" 26" 1 4* 34" 67" 1 
I Week 9' 8" 9' 3 4* 29" 54" I 
2 Week 8* 8' 7" 3 3' 26" 52" I 
SEM I 1 1 1 I 2 
Carbon dioxide (ppm) 
0 Week 3483* 4029" 5041' 192 5970" 7300*" 8732" 417 
1 Week 3922' 3661 3983 258 6280"* 6632"*' 7967"' 384 
2 Week 8496* 3683 5961 1377 4874* 5841" 6522" 180 
SEM 816 159 1155 294 285 477 
'Standard error of the means. 
Gas concentration in headspace (14 mL) from 10 g meat. 
"Different letters within a row with same packaging are different (p < 0.05). 
1 Different letters within a column with same irradiation dose are different (p < 0.05). 
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Table 4— Pearson correlation coefficients* between color values and other factors in 
precooked turkey breast meat 
Aerobic packaging Vacuum packaging 
L-value a-value b-value L-value a-value b-value 
Surface color 
Irradiation dose -0.12 0.46 -0.38 -0.32 0.88** -0.87** 
Storage time -0.03 -0.83** 0.51 -0.32 0.05 0.12 
ORPb 0.12 -0.88** 0.38 -0.41 -0.55 0.45 
TEARS value 0.08 -0.70* 0.31 0.52 -0.77* 0.25 
Carbon monoxide 0.06 0.85** -0.60 0.21 0.76* -0.73* 
Internal color 
Irradiation dose -0.19 0.40 0.12 0.05 0.80* 0.05 
Storage time -0.64* -0.34 -0.76* 0.25 -0.40 -0.80* 
ORP -0.55 -0.33 -0.55 0.26 -0.79* -0.39 
TEARS value -0.53 -0.36 -0.50 0.33 0.12 0.71* 
Carbon monoxide 0.07 0.69* 0.52 -0.55 0.88** 0.11 
"n = 72. 
"Oxidation reduction potential. 
* Value with significant correlation (p < 0.05). 
**Value with significant correlation (p < 0.01). 
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Figure 1— Reflectance spectra of aerobically packaged precooked turkey breast meat as 
affected by irradiation dose at 7 days of storage (A, surface; B, inside). 
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Figure 2- Reflectance spectra of vacuum-packaged precooked turkey breast meat as 
affected by irradiation dose at 7 days of storage (A, surface; B, inside). 
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Figure 3— Absorption spectra of various myoglobin (Mb) forms in solution (A, natural; 
B, after heating). 
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CHAPTER 6. USE OF ANTIOXIDANTS TO REDUCE LIPID OXIDATION AND 
OFF-ODOR VOLATILES OF IRRADIATED PORK1 
A paper accepted by the Meat Science 
K.C. Nam2 and D.U. Ahn3 
Abstract 
Pork homogenates and patties treated with antioxidants (200 final) were 
irradiated with an electron beam and stored at 4°C. Lipid oxidation and volatile compounds 
of pork homogenates and patties were determined. Ionizing radiation accelerated lipid 
oxidation and produced S-containing volatiles in pork homogenates and patties. Addition of 
an antioxidant (sesamol, gallate, Trolox, or a-tocopherol) and their combinations decreased, 
but carnosine had no effect on the production of off-odor volatiles and lipid oxidation of pork 
homogenates and patties by irradiation. Antioxidant combinations showed distinct beneficial 
reduction in lipid oxidation of aerobically packaged irradiated pork patties, and significantly 
reduced the amounts of off-odor volatiles of vacuum-packaged irradiated patties. 
Introduction 
Irradiated meats are more susceptible to oxidative processes leading to quality 
deterioration. The quality of irradiated meat correlates closely with the amounts of radiolytic 
products (Woods and Pikaev 1994). Free radicals possess strong chemical reactivity and can 
react with unsaturated fatty acids and amino acid side chains of protein (McMillin 1996). As 
a result, irradiation promotes lipid oxidation and generates characteristic off-odor volatiles in 
meats. The production of aldehydes and 2-thiobarbituric acid-reactive substances 
'Journal Paper No. J-19415 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, IA 50011. Project No. 3322, supported by National Pork Producers Council. 
"Primary researcher and author. 
^Author for correspondence. 
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(TEARS) were irradiation dose-dependent, and had strong correlations with off-odor in 
irradiated pork (Ahn and others 2000). The GC chromatograms of raw irradiated pork 
suggested that not only lipid oxidation but also other mechanisms, such as radiolytic 
degradation of proteins, played an important role in the off-odor of irradiated meat (Ahn and 
others 2001). Jo and Ahn (2000) reported that S-containing volatiles generated from S-
containing amino acids were responsible for most of the characteristic irradiation odor in 
meat. 
Antioxidant additives are added to fresh and further processed meats to prevent 
oxidative rancidity, retard development of off-flavors, and improve color stability (Xiong and 
others 1993). Certain antioxidants can interrupt free radical chain reactions by scavenging 
free radicals (Chen and Ahn 1998) and, thus, lipid oxidation and off-odor formation by 
irradiation can be reduced by using specific antioxidants. Radiolytic changes in meat are 
accelerated in the presence of oxygen, and the activities and mechanisms of selected 
antioxidants can vary depending upon the composition of food systems. To be effective, 
antioxidants added in meat must compete with reactive meat components for free radicals 
generated by irradiation, or inhibit the formation of free radicals by prooxidative metals. 
Therefore, free radical scavengers (gallate, sesamol, and tocopherol), metal chelators (Trolox) 
and camosine, or their combinations can be used to reduce the production of off-odor 
volatiles in electron beam-radiated pork. 
The effect of antioxidants on the control of oxidative reaction in meat has been well 
documented. The effect of added antioxidants on lipid oxidation and off-odor production in 
irradiated meat, however, is lacking. In addition, the effects of selected antioxidants on lipid 
oxidation and off-odor production in irradiated meat may differ depending upon the physical 
conditions of meat and packaging methods used. 
The objective of this study was to determine the effect of selected antioxidants and 
their combinations on lipid oxidation and the production of off-odor volatiles in irradiated 
pork homogenates and patties with two different packaging conditions. 
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Materials and Methods 
Antioxidants 
Gallic acid (3,4,5-trihydroxybenzoic acid), sesamol (3,4-methylenedioxyphenol), and 
L-carnosine (p-alanyl-L-histidine) were purchased from Sigma Chemical Company (St. 
Louis, MO), and «-tocopherol (vitamin E) and Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) were obtained from Aldrich Chemical Co. 
(Milwaukee, WI). 
Preparation of pork homogenates and patties 
Pork loins were purchased from 4 local stores. Meats from each store were separately 
ground, twice through a 3-mm plate, and were treated as a replication. The ground meat (50 
g) was homogenized with deionized water (200 mL) using a laboratory blender (Waring 
Commercial, New Hartford, CT) for 1 min at high speed. Each antioxidant (gallic acid, 
tocopherol, Trolox, sesamol, or camosine) was added in meat homogenate to a final 
concentration of 200 |xM. To determine the synergistic effects of selected antioxidants, 
several antioxidant combinations were prepared. Either 100 |oM or 66.7 |jM of each 
antioxidant was added, depending upon 2 or 3 antioxidant combinations, to make a total 
concentration of antioxidants of 200 nM. Therefore, the final molar concentrations of added 
antioxidants were equal in all treatments. Three of the most effective antioxidants or 
antioxidant combinations in reducing off-odor production and TEARS in meat homogenates 
were selected for a study with pork patties. The effects of selected antioxidant on lipid 
oxidation and off-odor volatiles of pork patties were determined. 
For pork patty preparation, 3 antioxidant combinations that produce the least amounts 
of off-odor volatiles from the previous pork homogenate study were used. Pork patties (100 
g) were prepared after adding a 3-antioxidant combination (200 *iM) to the ground pork. 
Ground pork and antioxidant combination were mixed for 3 min in a bowl mixer (Model 
KSM90; KitchenAid, Inc., St. Joseph, MI) to ensure uniform distribution of antioxidants. 
Half of the patties from each treatment were aerobically packaged by individually placing 
patties in polyethylene oxygen-permeable bags (4 x 6", 2 MIL-Associated Bag Company, 
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Milwaukee, WI) and the other half were vacuum-packaged in high oxygen-barrier bags 
(nylon/polyethylene, 9.3 mL Oi/nr/24 h at 0°C; Koch, Kansas City, MO). Four replications 
were prepared for both pork homogenate and patty experiments. 
Ionizing radiation and storage 
Antioxidant-treated pork homogenates and patties were electron beam-irradiated at 0 
or 4.5 kGy using a linear accelerator (Circe ŒR; Thomson CSF Linac, Saint-Aubin, France) 
with 10 MeV of energy, 10 kW of power level, and 104.5 kGy/min of average dose rate. The 
max/min ratio was approximately 1.16 for 4.5 kGy. Alanine dosimeters were attached to the 
top and bottom surfaces of a sample, and read using a 104 Electron Paramagnetic Resonance 
Instrument (Bruker Instruments Inc., Billerica, MA) to check the absorbed dose. The 
irradiated samples were stored at 4°C. The TEARS and volatiles of the samples were 
determined soon after irradiation except for the TEARS of pork patties (at 0 and 5 day). 
Analysis of 2-thiobarbituric acid-reactive substances (TEARS) 
Lipid oxidation was determined by the TEARS method (Ahn and others 1998). 
Sample (5 g) was placed in a 50-mL test tube and homogenized with 15 mL of deionized 
distilled water (DDW) using a Brinkman Polytron (Type PT 10/35; Brinkman Instrument 
Inc., Westbury, NY) for 15 s at high speed. The meat homogenate (1 mL) was transferred to a 
disposable test tube (13 x 100 mm), and butylated hydroxytoluene (7.2% (v/v) in ethanol, 50 
|AL) and thiobarbituric acid/trichloroacetic acid (20 mM TEA/15% (w/v) TCA, 2 mL) 
solutions were added. The mixture was vortexed and then incubated in a 90°C water bath for 
15 min to develop color. After cooling for 10 min in cold water, the sample was vortexed and 
centrifuged at 3,000 x g for 15 min at 5°C. The absorbance of the resulting upper layer was 
read at 531 nm against a blank prepared with 1 mL DDW and 2 mL TBA/TCA solution. The 
amounts of TEARS were expressed as mg of malondi aldehyde (MDA) per kg meat or per 4 L 
meat homogenate (equivalent to 1 kg meat). 
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Volatile compounds analysis 
A purge-and-trap apparatus (Precept II and Purge & Trap Concentrator 3000; Tekmar-
Dohrmann, Cincinnati, OH) connected to a gas chromatograph/mass spectrometer (GC/MS; 
Hewlett-Packard Co., Wilmington, DE) was used to analyze volatiles produced (Ahn and 
others 2001). Minced meat sample (3 g) or meat homogenate (3 mL) was placed in a 40-mL 
sample vial, and the vials were flushed with helium (40 psi) for 5 s. The maximum waiting 
time of a sample in a refrigerated (4°C) holding tray was less than 4 h to minimize oxidative 
changes before analysis. The meat sample was purged with helium (40 mL/min) for 12 min at 
40°C. Volatiles were trapped using a Tenax column (Tekmar-Dohrmann) and desorbed for 2 
min at 225°C, focused in a cryofocusing module (-90°C) and then thermally desorbed into a 
column for 30 s at 225°C. 
An HP-624 column (7.5 m x 0.25 mm i.d., 1.4 gm nominal), an HP-1 column (52.5 m 
x 0.25 mm i.d., 0.25 gm nominal; Hewlett-Packard Co.) and an HP-Wax column (7.5 m x 
0.25 mm i.d., 0.25 gm nominal) were connected using zero dead-volume column connectors 
(J &W Scientific, Folsom, CA). Ramped oven temperature was used to improve volatile 
separation. The initial oven temperature of 0°C was held for 2.50 min. After that, the oven 
temperature was increased to 15°C at 2.5°C/min, increased to 45°C at 5°C/min, increased to 
110°C at 20°C/min, increased to 210°C at 10°C/min, and then was held for 2.5 min at 210°C. 
Constant column pressure at 20.5 psi was maintained. The ionization potential of the mass-
selective detector (Model 5973; Hewlett-Packard Co.) was 70 eV, and the scan range was 
18.1 - 250 m/z. Identification of volatiles was achieved by comparing mass spectral data of 
samples with those of the Wiley Library (Hewlett-Packard Co.). Standards, when available, 
were used to confirm the identification by the mass-selective detector. The area of each peak 
was integrated using the ChemStation™ (Hewlett-Packard Co.), and the peak area (total ion 
counts x 104) was reported as an indicator of volatiles generated from the sample. 
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Statistical analysis 
Data were analyzed using the generalized linear model procedure of the SAS software 
(SAS Institute 1995); Student-Newman-Keul's multiple range test was used to compare the 
mean values. Mean values and standard error of the means (SEM) were reported (P < 0.05). 
Results and Discussion 
Lipid oxidation 
Irradiation and antioxidants affected the TEARS values of pork homogenates during 
storage (Table 1). Irradiated pork homogenates had higher TEARS than nonirradiated in all 
antioxidant treatments. The added antioxidant effect reducing the TEARS was found in 
irradiated pork homogenates, but not in nonirradiated. Most antioxidants but camosine at 200 
|iM levels decreased the TEARS of irradiated pork homogenates. The antioxidant effects in 
meat homogenates were more notable after 5 d of storage. Sesamol and Trolox were superior 
to other antioxidants and reduced TEARS of irradiated pork homogenate by 72% of control 
after 5 d of storage. The effects of antioxidants in nonirradiated pork homogenates were not 
found even after 5 d of storage. 
TEARS values of pork homogenates treated with antioxidant combinations (Table 2) 
also showed similar trends as in individual antioxidant treatments (Table 1). However, it was 
impossible to compare the TEARS values from the 2 studies (Tables 1 and 2) directly 
because we used using different meat samples at different times. Although the effects of 
antioxidant combinations in irradiated pork homogenates were significant, the difference in 
antioxidant effects among antioxidant combinations at 0 day was minimal. The differences 
among antioxidant combinations, however, were distinct after 5 days of storage. The 
combination of sesamol plus tocopherol, or Trolox plus tocopherol, was more effective than 
other combinations in inhibiting lipid oxidation. These 2 antioxidant combinations reduced 
TEARS of irradiated pork homogenates by 47% of the control at 5 d storage. Sesamol plus y-
tocopherol was efficient in inhibiting hydroperoxide formation in oils (Yoshida and Takagi 
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1999). The effects of 3-antioxidant combinations were not much different from those of 2-
antioxidant combinations. 
Irradiation, antioxidants, and packaging methods influenced the TEARS values of 
pork patties during storage (Table 3). Pork patties were susceptible to lipid oxidation, 
especially when irradiated and stored in the presence of oxygen. Antioxidant combinations 
decreased TEARS in both nonirradiated and irradiated pork patties under aerobic conditions, 
but there were little differences among antioxidant combinations at day 0. Vacuum-packaged 
patties did not develop lipid oxidation at day 0 regardless of irradiation and antioxidant 
treatments, but the effects of irradiation and antioxidant combinations were evident after 5 
days of storage. When irradiated and stored for 5 days, the effects of antioxidant 
combinations on oxidative changes in pork patties were more distinct in aerobically packaged 
than vacuum-packaged meats, but the differences among antioxidant combinations were still 
minimal. Chen and others (1999) also reported that phenolic antioxidants were effective in 
reducing lipid oxidation in aerobically packaged irradiated pork patties. All treated 
antioxidant combinations reduced TEARS of aerobically and vacuum-packaged irradiated 
pork patties by about 50% and 20% of the control value at day 5, respectively. Therefore, the 
use of antioxidant combinations was more effective in reducing oxidative changes in 
aerobically packaged than vacuum-packaged irradiated pork patties. 
Volatiles 
Irradiation and antioxidants affected the volatiles of pork homogenates qualitatively 
as well as quantitatively (Table 4). In nonirradiated pork homogenates, antioxidant or 
antioxidants combination showed little effect on the production of volatiles because only a 
few volatiles were detected. Irradiation produced many new volatiles, mostly aldehydes 
(propanal, 2-methylpropanal, 3-methylbutanal, 2-methylbutanal, pentanal, and hexanal) and 
S-compounds (methanethiol, dimethyl sulfide, and dimethyl disulfide). Irradiated pork 
homogenates treated with antioxidants produced less aldehydes and S-containing volatiles 
than the control. Ahn and others (2000) reported that dimethyl disulfide was a major sulfur 
compound responsible for the irradiation off-odor. Gallate, tocopherol, and sesamol were 
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effective in reducing the off-odor volatiles produced by irradiation, but sesamol was the most 
effective among them. Sesamol reduced the amounts of dimethyl disulfide and total volatiles 
by 48% and 43% of control values, respectively. Sesamol was effective in reducing the 
generation of volatiles in irradiated pork during 7 d of storage (Chen and Decker 1999). 
Despite the fact that carnosine is known as an antioxidant (Chan and others 1993; Lee and 
others 1999), it did not show any antioxidant or volatile reducing activities in pork 
homogenates. The weak antioxidant effect of carnosine would be considered that the added 
amount of carnosine (200 gM) was too small to be effective because its concentrations in 
beef, pork, chicken and fish range from 10-70 mM (Plowman and Close 1988). Therefore, 
carnosine would not be economical as an antioxidant in reducing lipid oxidation or off-odor 
production in irradiated meat. 
Synergistic effects of antioxidants were found in pork homogenates in reducing the 
production of off-odor volatiles by irradiation (Table 5). Antioxidant combinations decreased 
the amounts of aldehydes and S-compounds in irradiated pork homogenates. But the 
synergistic effects of 3-antioxidant combinations were not much higher than those of 2-
antioxidant combinations. Among the antioxidant combinations, sesamol plus gallate, 
sesamol plus Trolox, and sesamol plus tocopherol were the most effective in reducing 
aldehydes and S-compounds in irradiated pork homogenates. Sesamol plus Trolox marked 
the lowest amount of dimethyl disulfide, which was about 50% of the control. Sesamol plus 
tocopherol was the most effective in reducing carbon disulfide, 3-methylbutanal, and total 
volatiles production. The amount of carbon disulfide, a main volatile compound in 
nonirradiated pork homogenates, decreased dramatically after irradiation. The result 
suggested that carbon disulfide could be a precursor or an intermediate of S-compounds 
responsible for off-odor in irradiated pork homogenates. 
Antioxidant and packaging affected the volatiles of nonirradiated pork patties (Table 
6). All antioxidant combinations added to pork patties reduced the amounts of volatiles by 
about 40% of control. Pork patties with added sesamol plus gallate, or sesamol plus Trolox 
had lower total volatiles than sesamol plus tocopherol in aerobically packaged pork, but there 
was little difference in S-containing volatiles that affect irradiation off-odor the most. Much 
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greater amounts of volatiles were found in vacuum-packaged than aerobically packaged pork 
patties. All antioxidant combinations decreased the production of 2-propanone and carbon 
disulfide in pork patties. The differences among antioxidant combinations, however, were not 
significant. 
Irradiation not only increased the amounts of volatiles found in nonirradiated pork 
patties but also produced newly a few volatiles not found in nonirradiated pork (Table 7). 
Acetaldehyde, pentane, 2-propanone, carbon disulfide, and dimethyl disulfide were the major 
volatiles produced in irradiated pork patties. These volatiles were much higher in vacuum-
packaged than aerobically packaged pork patties. The result shows that sulfur compounds 
produced by irradiation volatilized rapidly under aerobic packaging conditions. The addition 
of antioxidant combinations decreased the production of these volatiles as well as total 
volatiles in pork patties. In aerobically packaged pork patties, most antioxidant combinations 
were effective in reducing the amounts of S-compounds such as carbon disulfide and 
dimethyl disulfide, which contribute the characteristic off-odor of irradiated meat. However, 
no significant differences on the production of carbon disulfide and dimethyl disulfide among 
the antioxidant combinations were found in aerobically packaged pork patties. Higher 
amounts of volatiles were found in vacuum-packaged pork patties than aerobically packaged 
patties. The addition of sesamol plus gallate (final 200 jiM) to vacuum-packaged irradiated 
pork patties reduced acetaldehyde, carbon disulfide, dimethyl sulfide, dimethyl disulfide, and 
total volatiles by 59%, 53%, 58%, 81%, and 43% of the control, respectively. 
Conclusions 
The addition of antioxidant combinations (final 200 pM) was effective in reducing 
lipid oxidation and off-odor volatiles in irradiated pork patties. Especially, antioxidant 
combinations, using sesamol, gallate, and «-tocopherol, could be more effectively used to 
reduce the S-volatiles off-odor in irradiated vacuum-packaged pork patties, or to control lipid 
oxidation in irradiated aerobically packaged pork. 
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Table 1- TEARS values of nonirradiated and irradiated pork homogenates1 treated with 
different antioxidants during storage at 4°C 
Day 0 Day 5 
Antioxidant2 Non Irradiated 3 SEM Non Irradiated SEM 
— (mg MDA/4 L meat homogenate) — 
Control 0.12by 0.99" 0.05 0.l2y 1.52" 0.01 
Gallate 0.12by 0.64bx 0.01 0.18 0.68e 0.07 
Tocopherol 0.12by 0.73bx 0.02 0.12y 0.94bx 0.01 
Trolox 0.12by 0.58bx 0.01 0.18y 0.42dt 0.01 
Sesamol 0.13by 0.58bx 0.02 0.18y 0.42dx 0.01 
Carnosine 0.20ay 1.07" 0.03 0.18y 1.50" 0.01 
SEM 0.01 0.04 0.04 0.02 
*50g ground meat + 200 mL deionized water 
^200 tiM of antioxidant concentration 
'irradiated at 4.5 kGy 
a dDifferent letters within a column are significantly different (p < 0.05). n = 4. 
x- ^Different letters within a row with same storage are significantly different (p < 0.05). 
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Table 2- TEARS values of nonirradiated and irradiated pork homogenates1 treated with 
different antioxidant combinations during storage at 4°C 
Day 0 Day 5 
Antioxidant2 Non Irradiated" SEM Non Irradiated SEM 
(mg MDA7/4 L meat homogenate) 
Control 0.37by 0.79" 0.01 0.33y 0.89" 0.01 
S4+G5 0.36by 0.64bx 0.01 0.34y 0.6 lbx 0.01 
G + T6 0.44ay 0.70bx 0.01 0.35y 0.59bcx 0.01 
S + T  0.36by 0.65bx 0.01 0.29y 0.56^ 0.01 
S + E7 0.37by 0.65bx 0.01 0.34y 0.47dx 0.01 
T + E 0.38ay 0.63bx 0.01 0.33y 0.48^ 0.01 
S + E + T 0.36by 0.66bx 0.01 0.35y 0.53cdx 0.01 
S + E + G 0.40aby 0.63bx 0.01 0.32y 0.53cdx 0.01 
SEM 0.01 0.02 0.01 0.01 
l50g ground meat + 200 mL deionized water 
2100 nM for each of 2 antioxidants or 66.7 ^iM for each of 3 antioxidants 
Irradiated at 4.5 kGy 
4Sesamol 
5Gallate 
^Trolox 
^Tocopherol 
^Different letters within a column are significantly different (p < 0.05). n =4. 
Xl ^Different letters within a row with same storage are significantly different (p < 0.05). 
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Table 3- TBARS values of nonirradiated and irradiated pork patties treated with different 
antioxidant combinations during storage at 4°C 
DavO Day 5 
Antioxidant1 Non Irradiated2 SEM Non Irradiated SEM 
— 
- (mg MDA/kg meat) 
Aerobic packaging 
Control 0.33" 0.32' 0.05 0.55ay 0.74" 0.06 
S3+G4 0.20b 0.27ab 0.02 0.26by 0.37bx 0.02 
S+T5 0.18b 0.26ab 0.02 0.29by 0.37bx 0.02 
S + E6 0.l9b 0.22b 0.02 0.27by 0.35bx 0.02 
SEM 0.03 0.03 0.06 0.06 
Vacuum-packaging 
Control 0.20 0.23 0.01 0.28ay 0.42" 0.02 
S + G  0.14 0.19 0.01 0.20by 0.34bx 0.02 
S + T  0.16* 0.21x 0.01 0.24by 0.34bx 0.02 
S + E 0.14 0.19 0.01 0.23by 0.35bx 0.02 
SEM 0.02 0.01 0.02 0.03 
1100 nM for each of 2 antioxidants 
"Irradiated at 4.5 kGy 
3Sesamol 
Vallate 
5Trolox 
^Tocopherol 
a
' ^ Different letters within a column are significantly different (p < 0.05). n = 4. 
x
" ^Different letters within a row with same storage are significantly different (p < 0.05). 
Table 4- Volatile compounds of nonirradiated and irradiated pork homogenates treated with different antioxidant (200fiM) 
Volatiles Control Gallate Tocopherol Trolox Sesamol Carnosine SEM 
(Total ion counts x 104) 
Nonirradiated 
Acetaldehyde 71 0 29 0 18 24 24 
Pentane 53 18 0 24 0 44 20 
2-Propanone 0 0 282 0 0 0 73 
Carbon disulfide 3632bc 4795abc 2758" 6412a 5244a" 5986a" 601 
Hexane 326a 96b 0c 66b 65b 135b 32 
Total volatiles 4083a" 49IOab 3071" 6503a 5328a" 6l90a 486 
Irradiated at 4,5 kGy 
2-Methyl-1 -propene 0 0 0 18 24 32 18 
Acetaldehyde 1091* 48b o" 0" 400a" 217" 183 
Methanethiol 578 0 0 788 182 175 412 
Pentane 220 102 85 206 100 272 118 
Propanal 13 la 0b o" 6lab 29" 31" 28 
Dimethyl sulfide 599" 268° 0d 361" 323" 6I7a 24 
Carbon disulfide I267b I7801' 2995a 2504a 1877" 1603" 177 
2-Methylpropanal 876a 0b 37, a" 0" o" 232a" 95 
Hexane 347d 329d 387c 404c 428" 496" 6 
3-Methylbutanal 2083" 1336" 2055a 1510a" 1180" 1609a" 153 
2-Methylbutanal 1171' 836a o" I079a 937a 1061a 94 
Heptane 475b 429c 0C 499» 209d 472" 4 
Pentanal 184 29 0 50 15 35 41 
Dimethyl disulfide 3774" 2330" 2316" 3275a" 1965' 3998a 377 
Octane 816'" 518" 670a" 572a" 440" 930a 90 
Hexanal 650 0 0 383 0 239 217 
Total volatiles 14272 8007 8880 11717 8112 12023 2036 
8 
"Different letters within a row are significantly different (p < 0.05). n = 4. 
Table 5- Volatile compounds of irradiated and nonirradiated pork homogenates treated with different antioxidant combination 
(final 200 |iM) 
Volatiles Control S'+G- G+TJ S+T S+E4 T+E S+E+T S+E+G SEM 
- /Tnhil inn rniintQ y 1 ___________ Y '  Ulill IU11 VUUIllo A IV / ————— 
Nonirradiated 
Acetaldehyde 71 31 90 159 0 0 29 32 36 
Pentane 53 0 20 20 0 0 0 0 14 
2-Propanone 0 0 229 445 216 375 91 220 198 
Carbon disulfide 3632" 7780" 7297" 7361" 7708" 4596'" 3679" 3622" 372 
Hexane 326 146 211 143 5 0 0 0 74 
Total volatiles 4083" 7958" 7849" 8129' 7929" 4972" 3799" 3875" 695 
Irradiated at 4,5 kGy 
2-Methyl-l-propene 0 46 42 21 12 14 19 22 19 
Butane 0 23 0 21 28 25 28 0 20 
Acetaldehyde 1091" 30" 90" 49" 155" 45" 105" 108" 193 
Methanethiol 578® 209" 149'" 43'" o" 0" o" o" 54 
Pentane 220 222 178 187 116 214 222 213 121 
Propanal 131 0 0 0 47 30 0 0 50 
Dimethyl sulfide 599" 596" 511" 605' 390" 576" 576' 593' 32 
Carbon disulfide 1267" 2175"" 2346" 2755" 2606" 2590' 2117'" 2806" 273 
2-Methylpropanal 876" 204" 754" 436'" 222" 149" 323'" 420'" 80 
Hexane 347"" 435"" 411"" 426'" 307" 434'" 478" 481" 33 
3-Methylbutanal 2083" 1241" 1303" 1229" 924c 1621" 1261" 1598" 228 
2-Methylbutanal 1176" 903" 857" 522" 0d 660"" 0d 621"° 72 
Heptane 475" 298c 444'" 428"" 0U 0U 420'" 35 Ie 26 
Pentanal 184" o" 45" 17" 0" 0" o" o" 31 
Dimethyl disulfide 3774" 2168" 2238" 1862" 2124" 2394" 2258" 2052" 297 
Octane 816 775 774 758 643 677 768 557 81 
Hexanal 650 29 131 147 0 95 85 118 171 
Total volatiles 14272 9360 10273 9513 7579 9519 8665 8945 1780 
'Sesamol 
"Gallate 
3Trolox 
^Tocopherol 
^Different letters within a row are significantly different (p < 0,05), n = 4. 
Table 6- Volatile compounds of nonirradiated pork patties treated with different antioxidant combination (final 200 }iM) and 
packaging condition 
Aerobic packaging Vacuum-packaging 
Volatiles Control S'+G2 S+T3 S+E4 SEM Control S+G S+T S+E SEM 
(Total ion counts x I04) 
2-Methylbutane 34b 31b 43" 38"b 2 295" 94bc 193"b 20" 13 
Pentane 606" 341b 262b 310b 58 1840" 1082b 681b 732b 176 
Ethanol 1458"b 902b 794b 2056" 221 1865 1126 1232 1703 250 
2-Propanone 366 191 110 309 76 4429" 1852b 2966b 473" 380 
Dimethyl sulfide 119" 251" 175b 190b 17 388 370 405 451 73 
Carbon disulfide 391 313 323 330 31 1037" 620" 365b 344b 69 
1-Hexene 0 0 0 0 - 57" 0b 0b 0b 4 
Hexane 684 683 636 689 67 509 474 548 409 65 
2-Hexene 0 0 0 0 - 18 0 0 0 9 
2-Butanone 7,a 0b 0b 0b 15 79" 0b 63" 0b 11 
3-Methylbutanal 94a 50b 73" 0" 18 35 0 50 30 27 
Heptane 40 18 44 97 52 220" I58b 147b 132" 22 
2-Pentanone 126® 46b 0" 0" 18 50 0 69 0 21 
Total volatiles 3793" 2830" 246 lb 4223" 290 10826" 5778"" 6723b 4296" 540 
Sesamol 
2Gallate 
3Trolox 
tocopherol 
"'"Different letters within a row with same packaging are significantly different (p < 0.05). n = 4. 
Table 7- Volatiles of irradiated (4.5 kGy) pork patties treated with different antioxidant combination (final 200 gM) and packaging 
condition 
Aerobic packaging Vacuum packaging 
Volatiles Control S'+G2 S+T3 S+E4 SEM Control S+G S+T S+E SEM 
(Total ion counts x I04) 
2-Methylpropane 199b 201b 191b 310" II 242" 291" 349" 1096" 52 
2-Methyl -1 -propene 641b 767b 1183" 1286" 131 1523" 2030" 2086" 2382" 122 
Butane 860b 843b 1199ab 1421" 101 1587 1649 1768 1877 223 
Acetaldehyde 520' 0b I03b 395" 78 1111" 455" 372" 492" 112 
1-Butene 345 378 329 538 63 973b 1512" 1443" 1463" 115 
2-Methyl-2-butene 0 0 0 0 - 134 49 125 114 34 
2-Methylbutane 216 188 166 398 59 252* 112" 129" 425" 30 
1-Pentene 281 323 401 341 64 453 428 368 359 38 
Pentane 3467s I422b 1341b 994b 323 1762" 1174" 1107" 1185" 99 
Ethanol 435 222 215 291 65 1949 788 856 833 215 
2-Propanone 5379" 1954b 1004" 2889" 518 4135" 2035" 2028" 3848" 423 
Dimethyl sulfide 1007" 51 lb 608b 899" 93 4100" 1937" 2244" 3653" 336 
Carbon disulfide 453 644 390 623 109 2596" 1100" 1188" 1009" 330 
1-Hexene 167 145 175 254 49 293b 197e 400" 374"" 26 
Hexane 300 270 305 244 58 593" 491"" 272" 758" 84 
2-Hexene 0 0 0 0 - 164"b 55" 37" 188" 34 
2-Butanone 82 0 0 135 62 130 0 30 27 68 
Heptane 45 40 0 137 72 270" 261" 273" 878" 54 
Dimethyl disulfide 1056" 246b 78b 183" 183 4791" 917" 1513" 4668" 375 
Total volatiles 15024" 7939' 7478' 11053" 765 25897" 14699" 16015" 24804" 1410 
'Sesamol 
2Gallate 
3Trolox 
tocopherol 
"'Different letters within a row with same packaging are significantly different (p < 0.05), n = 4. 
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CHAPTER 7. EFFECT OF DOUBLE-PACKAGING AND ACID COMBINATION ON 
THE QUALITY OF IRRADIATED RAW TURKEY PATTIES 
A paper accepted by the Journal of Food Science 
K. C. Nam2 and D. U. Ahn3 
Abstract 
Effects of double-packaging (combinational use of vacuum and aerobic packaging 
conditions) and acid (citric or ascorbic acid) combinations on color, lipid oxidation and 
volatiles of irradiated raw turkey breast were determined. Acid did not affect the a-values but 
increased the L-values of meat after irradiation. Citric acid promoted lipid oxidation of 
irradiated turkey meat, whereas ascorbic acid had an antioxidant effect. The amounts of total 
volatile and dimethyl sulfide in doubly packaged turkey meat were 35-56% and 58-73% 
lower than those of the irradiated vacuum-packaged control, respectively, and dimethyl 
disulfide and dimethyl trisulfide were not found in double-packaged meat. The combination 
sequence of aerobic/anaerobic packaging was not a critical factor in the production of off-
odor volatiles of irradiated turkey. 
Introduction 
The intensities of off-odor and pinking in irradiated meat were significantly 
influenced by packaging conditions: the amounts of sulfur volatiles in irradiated meat were 
higher with vacuum packaging than aerobic packaging, because sulfur compounds formed by 
'Journal paper No. J-19731 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, LA. 50011. Project No. 6523, supported by the National Research Initiative 
Competitive Grant/USDA. 
"Primary researcher and author. 
3 Author for correspondence. 
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irradiation were highly volatile (Ahn and others 2000; Ahn and others 2001; Nam and others 
2001). Jo and Ahn (2000) and Ahn (2002) reported that sulfur compounds derived from the 
radiolytic degradation of sulfur amino acids were responsible for the irradiation off-odor. 
Irradiation increased the intensity of pink color in turkey breast meat due to carbon 
monoxide-myoglobin (CO-Mb) complex formation, and the pink color was stable during 
storage under vacuum conditions (Luchsinger and others 1996; Nam and Ahn 2002). 
Exposing irradiated meats to aerobic conditions, however, increased oxidation-reduction 
potential of meat and CO against O, competition, which reduced the chances for CO-Mb 
ligand formation and to decrease pink color intensity (Nam and Ahn 2002). These results 
indicated that double-packaging could be effective in lowering irradiation off-odor and 
pinking. Double-packaging is a new packaging concept that we have developed to tackle 
quality problems associated with irradiation in meat. Two double-packaging models can be 
used: in model #1, meats are first individually packaged in oxygen-permeable plastic bags. A 
few of the aerobically packaged meats are then vacuum-packaged in an oxygen-impermeable 
bag and irradiated. The outer vacuum bags can be removed to expose the inner bag to aerobic 
conditions fora few days before marketing or consumption. In model #2, fillets are 
aerobically packaged and irradiated first, and then vacuum-packaged after a few days of 
storage under aerobic conditions. The major advantages of this double-packaging concept are 
1) off-odor problems can be completely eliminated, 2) pinking on the surface of the meat can 
be reduced, and 3) additives can be avoided. The limitations of using double-packaging alone 
to control meat quality are that lipid oxidation could be a potential problem, and the color 
inside of the meat may not be influenced much by the double-packaging methods. 
Citric or ascorbic acid is commonly used in meat processing as a preservative or an 
antioxidant (Stivarius and others 2002). Addition of acid to meat lowers the pH and also 
increases the lightness of meat. Therefore, the overall color impression would be less pink, 
and lipid oxidation (by ascorbic acid) during storage would be decreased. 
The objective of this study was to determine the effects of double-packaging and acid 
combinations on color, lipid oxidation, and volatile compounds of irradiated raw turkey 
breast meat during refrigerated storage. 
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Materials and Methods 
Sample preparation 
Turkey carcasses slaughtered by USD A guidelines (USD A, 1982) were chilled in ice 
water for 3 h and then drained in a cold room. Breast muscles were deboned from the 
carcasses 24 h after slaughter and randomly divided into 4 groups, which served as 
replications. Skin and visible fat were removed from the breast, and the meat was ground 
twice a 3-mm plate. Six different treatments were prepared using the ground meat as shown 
in Table I. Citric acid and ascorbic acid were selected because they are commonly used 
ingredients in meat processing. Citric acid monohydrate (0.2%) or L-ascorbic acid (0.5%) 
was used to drop the pH of meat by approximately 0.4 unit, according to the result of a 
preliminary study. Each acid was mixed together with the ground meat for 3 min in a bowl 
mixer (Model KSM90; KitchenAid Inc., St. Joseph, MI, USA) and the mixed samples were 
ground again through a 3-mm plate to ensure uniform distribution of the acid. Control meats 
without added acid were also treated the same as acid-added samples. 
Turkey breast meat patties (about 50 g) were prepared from each treatment, 
individually vacuum-packaged with high-oxygen-barrier bags (nylon/polyethylene, 9.3 mL 
0/m'/24 h at 0 °C; Koch, Kansas City, MO, USA) or double-packaged and then stored at 4 
°C for 10 d. On the basis of our previous works, one double-packaging condition was 
selected from each double-packaging model and used in this study: the V7/A3 (vacuum-
packaged for 7 d then aerobically packaged for 3 d) condition was selected from double-
packaging model #1, and A3/V7 (aerobically packaged for 3 d then vacuum-packaged for 7 
d) from double-packaging model #2. The V7/A3 packaging condition was the aerobically 
packaged patties vacuum-packaged in oxygen-impermeable bags (nylon/polyethylene, 9.3 
mL 0/mz/24 h at 0 °C; Koch), irradiated, and stored for 7 d under anaerobic conditions 
before opening of the outer vacuum bags and storage for 3 more d. The A3/V7 packaging 
condition involved patties aerobically packaged in oxygen-permeable bags (polyethylene, 4 x 
6, 2 mil; Associated Bag Company, Milwaukee, WI, USA), irradiated, stored for 3 d under 
aerobic conditions and then vacuum-packaged and stored for 7 d under anaerobic conditions. 
The irradiation doses used were 0 or 1.5 kGy, and a Linear Accelerator (Circe I11K; Thomson 
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CSF Linac, Saint-Aubin, France) with 10 MeV of energy, 10 kW of power level, and 83.0 
kGy/min of average dose rate was used. To confirm the target dose, two alanine dosimeters 
per cart were attached to the top and bottom surfaces of the sample and were read using a 104 
Electron Paramagnetic Resonance instrument (EMS-104; Bruker Instruments Inc., Billerica, 
MA, USA). Color, lipid oxidation and volatile compounds of meat were determined at 0 and 
10 d of storage at 4 °C. 
Color 
CIE color values were measured on the surface of the sample using a LabScan 
colorimeter (Hunter Associated Labs Inc., Reston, VA, USA) that had been calibrated against 
black and white reference tiles covered with the same packaging materials as used for 
samples. The CIE L-(lightness), a-(redness), and b-(yellowness) values were obtained using 
an illuminant A. An average value from both top and bottom locations on a sample surface 
was used for statistical analysis. 
2-Thiobarbituric acid-reactive substances (TEARS) 
Lipid oxidation was determined by a spectrometric TBARS method (Ahn and others 
1998). A sample (5 g) was placed in a 50-mL test tube and homogenized with 15 mL 
deionized distilled water (DDW) and butylated hydroxytoluene (7.2%, 50 gL) using a 
Brinkman Polytron (Type PT 10/35; Brinkman Instrument Inc., Westbury, NY, USA) for 15 
s at high speed. The meat homogenate (1 mL) was transferred to a disposable test tube (13 x 
100 mm), and thiobarbituric acid/trichloroacetic acid [20 mM TEA and 15% (w/v) TCA] 
solution (2 mL) was added. The mixture was vortexed for 10 s and then incubated in a 90 °C 
water bath for 15 min to develop color. After cooling for 10 min in cold water, the samples 
were vortexed and centrifuged at 3,000 x g for 15 min at 5 °C. The absorbance of the 
resulting upper layer was read at 531 nm against a blank prepared with 1 mL DDW and 2 mL 
TBA/TCA solution. The amounts of TBARS were calculated from a 1,1,3,3-
tetraethoxypropane standard curve and expressed as mg of malonedialdehyde (MDA) per kg 
of meat. 
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Volatile compounds 
A purge-and-trap apparatus (Precept II and Purge & Trap Concentrator 3000; 
Tekmar-Dohrmann, Cincinnati, OH, USA) connected to a gas chromatograph/mass 
spectrometer (GC/MS, Hewlett-Packard Co., Wilmington, DE, USA) was used to analyze 
volatiles produced (Ahn and others 2001). Minced meat sample (3 g) was placed in a 40-mL 
sample vial, and the vials were flushed with helium (40 psi) for 5 s. Samples were held in a 
refrigerated (4 °C) sample-holding tray before analysis, and the maximum holding time was 
less than 6 h to minimize oxidative changes (Ahn and others 1999). The meat sample was 
purged with helium (40 mL/min) for 13 min at 40 °C. Volatiles were trapped using a Tenax 
column (Tekmar-Dohrmann) and desorbed for 2 min at 225 °C, focused in a cryofocusing 
module (-90 °C) and then thermally desorbed into a column for 30 s at 225 °C. 
An HP-624 column (7.5 m x 0.25 mm i.d., 1.4 gm nominal), an HP-1 column (52.5 m 
x0.25 mm i.d., 0.25 gm nominal; Hewlett-Packard Co.), and an HP-Wax column (7.5 m x 
0.25 mm i.d., 0.25 p.m nominal) were connected using zero dead-volume column connectors 
(J &W Scientific, Folsom, CA, USA). Ramped oven temperature was used to improve 
volatile separation. The initial oven temperature of 0 °C was held for 2.50 min. After that, the 
oven temperature was increased to 15°C at 2.5 °C/min, increased to 45°C at 5 °C/min, 
increased to 110 °C at 20 °C/min, increased to 210 °C at 10°C/min and then held for 4.5 min 
at the temperature. Constant column pressure at 20.5 psi was maintained. The ionization 
potential of mass-selective detector (Model 5973; Hewlett-Packard Co.) was 70 eV, and the 
scan range was 18.1 - 300 m/z. Identification of volatiles was achieved by comparing mass 
spectral data of samples with those of the Wiley library (Hewlett-Packard Co.). Standards, 
when available, were used to confirm the identification by the mass-selective detector. The 
area of each peak was integrated using the ChemStation (Hewlett-Packard Co.), and the total 
ion counts were reported as an indicator of volatiles generated from the sample. 
Statistics 
The experiment was designed to determine the effect of double-packaging/acid 
combinations on lipid oxidation, color and volatiles of the irradiated turkey breast patties. 
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Analysis of variance was conducted by the general linear model procedure of SAS software 
(SAS, 1995); Student-Newman-Keul's multiple range test was used to compare the mean 
values of the treatments (p < 0.05). Mean values and r standard error of the means (SEM) 
were reported. 
Results and Discussion 
pH and color changes 
The addition of citric acid or ascorbic acid lowered the pH values of turkey breast 
meat by about 0.4 unit (Table 2). Irradiation, however, had no effect on the pH of vacuum-
packaged meat. The pH of the meat increased a little bit during the 10-d of storage at all 
treatments. 
Irradiation increased the a-value of vacuum-packaged turkey breast patties and the 
increased redness was more consistent after 10-d of storage (Table 3). The increased redness 
in irradiated turkey meat was attributed to the formation of CO-Mb complex (Nam and Ahn 
2002). Double packaging and acid combinations have shown effects mainly in L- and b-
values rather than a-value of irradiated turkey meat after 10-d of storage. The acid-treated, 
double-packaged irradiated turkey meat had higher L- and b-values than the irradiated 
vacuum-packaged control, regardless of kind of acid or double-packaging method used. 
Especially, the drastically increased L-values could be caused by the added acid due to light-
scattering effect of lower pH muscle. Swatland (1994) reported that decreasing pH towards 
the isoelectric point of muscle proteins increased light-reflecting and scattering phenomena in 
meat, which resulted in increased L-values. In terms of a-value, however, acid had little 
effect on the redness of irradiated turkey meat indicating that lowered pH of muscle did not 
influence the formation or stability of CO-Mb complex, which were responsible for the 
increased redness of irradiated meat. Therefore, the overall color perception of irradiated 
turkey breast meat was paler and the intensity of red or pink color was lower in acid-treated 
meat than that of acid-free irradiated meat, by the effect of not decreased a-values but 
increased L values. There was little different results between citric acid and ascorbic acid at 
the color values of irradiated turkey breast patties at 10 d. 
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Lipid oxidation 
Under vacuum conditions, lipid oxidation of irradiated turkey breast meat did not 
increase during storage (Table 4). The free radicals generated by irradiation accelerated lipid 
oxidation only when irradiated meat samples were aerobically stored, because the presence of 
oxygen is the most critical factor influencing lipid oxidation in meat. (Katusin-Razem and 
others 1992; Ahn and others 2000). Citric acid-treated turkey breast had higher TBARS 
values than ascorbic acid-treated meat, and the difference became highly distinct after 10 d of 
storage. We speculate that in citric acid-added turkey meat, the loosened muscle structure by 
lowered pH was more susceptible to the attacks of free radicals generated by irradiation, and 
lipid oxidation was accelerated during the limited aerobic period. In general, there was a 
negative correlation between pH post mortem and the TBARS value (Judge and Aberie 1980). 
On the other hand, despite aerobic exposure, irradiated ascorbic acid-treated turkey meat had 
similar levels of TBARS compared with the irradiated vacuum-packaged meat. This result 
indicates that ascorbic acid showed an antioxidant effect during aerobic storage. Ascorbic 
acid is capable of inhibiting lipid oxidation by inactivating free radicals and by regenerating 
«-tocopherol, and the antioxidant effect in muscle food was very dependent on its 
concentration (Decker and Mei 1996). Therefore, using ascorbic acid rather than citric acid 
would be more effective in reducing color intensity of irradiated meat. 
The combination sequence of aerobic/anaerobic packaging (double-packaging 
models) influenced lipid oxidation. A3/V7 double-packaged (aerobic for 3 d then vacuum for 
7 d) turkey meat developed a higher degree of lipid oxidation than the V7/A3 double-
packaged (vacuum for 3 d then aerobic for 7 d) meats. This indicates that meats irradiated 
under aerobic conditions are more susceptible to lipid oxidation than those irradiated under 
vacuum conditions. 
Off-odor volatiles 
Irradiation not only increased the amounts of some volatiles found in nonirradiated 
turkey breast meat, but also generated many new volatile compounds (Table 5). In the 
vacuum-packaged nonirradiated turkey meat, dimethyl sulfide and 2-propanone were the 2 
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predominant volatiles. The amounts of these 2 volatiles significantly increased after 
irradiation as well. Irradiation induced drastic changes in the production of alkenes, benzene, 
toluene, and sulfur compounds. Among the sulfur volatiles, the amount of dimethyl sulfide 
increased, and dimethyl disulfide was newly generated in turkey meat after irradiation. These 
sulfur compounds have been regarded as the major volatiles responsible for the characteristic 
irradiation off-odor, and they have very low thresholds (Ahn and others 2000; Ahn and others 
2001). 
In citric acid-treated and irradiated turkey meat samples, packaging conditions were 
critical factors influencing the volatile profiles and their amounts at 0 d (Table 5). A3/V7 
double-packaged irradiated turkey meats at 0 d (the same as aerobic conditions at 0 d) had 
less total and less sulfur volatiles than V7/A3 double-packaged irradiated meat at 0 d (the 
same as vacuum conditions at 0 d). This result shows that most volatiles, including sulfur 
compounds, were evaporated rapidly during irradiation and sample preparation before 
analysis under aerobic conditions. The production of total and sulfur volatiles from ascorbic 
acid-treated meats was lower than that of citric acid-treated meats. Ascorbic acid acted as a 
powerful antioxidant and an inhibitor of radiolytic degradation of protein side chains in meat. 
Therefore, if irradiated meat is going to be stored for a short term, ascorbic acid and aerobic 
packaging combinations would be desirable, because off-odor volatiles could be eliminated. 
Vacuum-packaged irradiated turkey breast had still greater amounts of volatile 
compounds than nonirradiated vacuum-packaged one at 10 d (Table 6). A large amount of 
dimethyl disulfide was found in vacuum-packaged irradiated turkey meat both at 0 d and 10 
d, and dimethyl trisulfide was newly detected at 10 d. The ratios among sulfur volatiles in 
meat were also changed during the storage, which should have significant impact on overall 
odor characteristics of irradiated meat, because each sulfur compound has its own 
characteristic odor notes (Girard and Durance 2000). 
The combination of aerobic/anaerobic packaging (double-packaging) was highly 
effective in reducing total and sulfur volatiles of irradiated turkey breast meat during storage 
(Table 6). Regardless of acid treatments, exposing the irradiated turkey meat to aerobic 
condition for 3 d during the 10-d storage was enough to eliminate almost all sulfur volatiles. 
The amounts of total volatiles and dimethyl sulfide were reduced by 35-56% and 58-73% of 
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the vacuum-packaged irradiated control, respectively. Almost all of dimethyl disulfide 
evaporated and dimethyl trisulfide were not found in doubly packaged irradiated turkey 
breast meat exposed to aerobic conditions for 3 d. The combination sequence of 
aerobic/anaerobic packaging (double-packaging models) was not a critical factor in the 
production of off-odor volatiles of irradiated turkey meat. 
Conclusions 
For short-term storage (< 3 d) of irradiated turkey breast meat in which lipid 
oxidation is not a great problem, aerobic packaging will be more beneficial than vacuum-
packaging, because sulfur volatile compounds responsible for the irradiation off-odor can be 
significantly reduced under aerobic conditions. For longer-term storage (> 5 d), double-
packaging of irradiated turkey meat (exposing irradiated meat under aerobic conditions for a 
limited time either at the beginning or at the end of storage) will be needed to eliminate sulfur 
volatiles. After exposure to aerobic conditions for 3 d, the irradiated meat should be kept in 
vacuum conditions to minimize lipid oxidation. The combination of acid with double-
packaging did not lower a-value but increased L value, and thus lowered the visual pink 
color intensity. The combination sequence of aerobic/anaerobic packaging (double 
packaging) can be selected depending on the process, labor and cost. 
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Table 1- The 6 different treatments (irradiation, acid, and packaging) used in this study 
Irradiation 
Treatment Dose Acid Packaging 
Nonirradiated, vacuum OkGy Not added Vacuum for 10 d 
Irradiated, vacuum 1.5 kGy Not added Vacuum for 10 d 
Irradiated, citric, A3/V7 1.5 kGy 0.2% Citric Aerobic for 3 d then vacuum for 7 d 
Irradiated, citric, V7/A3 1.5 kGy 0.2% Citric Vacuum for 7 d then aerobic for 3 d 
Irradiated, ascorbic, A3/V7 1.5 kGy 0.5% Ascorbic Aerobic for 3 d then vacuum for 7 d 
Irradiated, ascorbic. V7/A3 1.5 kGv 0.5% Ascorbic Vacuum for 7 d then aerobic for 3 d 
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Table 2- pH values of irradiated raw turkey breast meat treated by different acids and 
packaging conditions during refrigerated storage 
Nonlrrad. Irradiated 
Citric Ascorbic 
Storage Vacuum Vacuum A3/V7' VI/A31  A3/V71 V7/A32 SEM3 
Day 0 5.89" 5.86" 5.45* 5.44" 5.39" 5.40"' 0.01 
Day 10 5.93" 5.93" 5.50" 5.53" 5.46" 5.48*" 0.01 
SEM 0.01 0.01 0.01 0.01 0.01 0.01 
'Aerobically packaged for 3 d then vacuum-packaged for 7 d. 
2Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
Standard error of the means 
^Different letters within a row indicate significant difference (p < 0.05); n =4. 
'Different letters within a column indicate significant difference (p < 0.05). 
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Table 3- CIE color values of irradiated raw turkey breast meat treated by different 
acids and packaging conditions during refrigerated storage 
Nonlrrad. Irradiated 
Citric Ascorbic 
Storage Vacuum Vacuum A3/V71 V7/A32 A3/V7' V7/A32 SEM3 
L-value 
Day 0 56.5" 56.9" 59.9"* 60.8' 59. l"" 60. r 0.4 
Day 10 54.8"* 55.5"" 61.8" 60.8" 60.6" 60.4' 0.4 
SEM 0.4 0.4 0.4 0.3 0.3 0.4 
a-value 
Day 0 2.6' 4.9* 6.0' 5.5" 5.5" 4.9"" 0.1 
Day 10 2.5" 5.5" 5.7" 5.8" 5.7" 5.9" 0.3 
SEM 0.1 0.1 0.3 0.1 0.3 0.1 
b-value 
Day 0 16.2"' 15.9" 17.6" 15.7"* 17.4" 16.2* 0.2 
Day 10 14.7" 15.6' 17.5" 18.3""* 18.8" 18.0""' 0.3 
SEM 0.1 0.2 0.3 0.3 0.3 0.2 
'Aerobically packaged for 3 d then vacuum-packaged for 7 d. 
"Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
'Standard error of the means 
""Different letters within a row indicate significant difference (p < 0.05); n = 4. 
"Different letters within a column indicate significant difference (p < 0.05). 
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Table 4- TBARS values of irradiated raw turkey breast meat treated by different acids 
and packaging conditions during refrigerated storage 
Nonlrrad. Irradiated 
Citric Ascorbic 
Storage Vacuum Vacuum A3/V7' V7/A3" A3/V7' V7/A3" SEM3 
(mg MDA/kg meat) 
Day 0 0.62' 0.64" 0.9 r 1.02" 056' 0.57' 
Day 10 0.69' 0.63' 1.84" 1.77" 0.80' 0.59' 
SEM 0.07 0.03 0.03 0.03 0.09 0.03 
'Aerobically packaged for 3 d then vacuum-packaged for 7 d. 
"Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
'Standard error of the means 
"Different letters within a row indicate significant difference (p < 0.05); n =4. 
Different letters within a column indicate significant difference (p < 0.05). 
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Table 5- Volatile profiles of irradiated raw turkey breast patties treated by different 
acids and packaging conditions at 0 d 
Nonlrrad. Irradiated 
Citric acid Ascorbic acid 
Compound Vacuum Vacuum A3/V7' V7/A32 A3/V7' V7/A32 SEM 
(Tntnl /Vim /vimot/c y 1(f) ' ( i UlLll tUrl A IU J 
2-Methyl-1 -propene 0' 198' 108" 167" 29' 0' 18 
1-Pentene 0" 76' 0" 72° 0" 0" 5 
Pentane 229" 585° 526"" 636° 412"" 365" 75 
Propanal 0 0 46 0 0 0 10 
2-Propanone 1813" 3841' 3282"" 3317"" 1769" 60' 392 
Dimethyl sulfide 1328' 3014" 166 r 1843* 1273' 783"1 235 
l-Hexene 0" 68' 0" 66" 0" 0" 6 
Hexane 219' 176"" 173"" 186"" 115" 111" 19 
Benzene 0" 137" 100* 238" 69' 90* 15 
1-Heptene 0" 66' 59" 70" 0" 0" 5 
Heptane 0' 89" 72"" 102" 0' 49" 12 
Dimethyl disulfide 0' 190" 50' 816° 35' 390" 86 
Toluene Od 285" 205" 283" 157' 125' 15 
l-Octene 298" 433" 0' 274" 0' 71' 43 
Octane 676' 0" 63" 514" 60" 184' 37 
2-Octene 169" 609" 0" 145" 0" 0" 43 
3-Methyl-2-heptene 375' 418" 0' 245" 0' 0' 36 
Dimethyl trisulfide 0 0 0 74 0 0 30 
Total 5110" 10090' 6349" 10360" 3921* 2231' 956 
'Aerobically packaged for 3 d then vacuum-packaged for 7 d (same as aerobically packaged 
at 0 d). 
"Vacuum-packaged for 7 d then aerobically packaged for 3 d (same as vacuum-packaged at 0 
d). 
'Standard error of the means 
""Different letters within a row indicate significant difference (p < 0.05); n =4. 
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Table 6- Volatile profiles of irradiated raw turkey breast patties treated by different acids and 
packaging conditions after 10 d of refrigerated storage 
Nonlrrad. Irradiated 
Citric acid Ascorbic acid 
Compound Vacuum Vacuum A3/V7' V7/A32 A3/V7' V7/A32 SEM3 
(Total ion counts x l(f ) 
2-Methyl-1 -propene 0" 76" 129° 76° 77" 92" 14 
1-Pentene 0b 0" 128" 0" 0" 0" 6 
Pentane 379' 553' 4370" 873' 1667" 674' 187 
2-Pentene 0h 0b 57" 0" 0" 0" 3 
Propanal 0h 0" 164° 87" 0" 0" 14 
2-Propanone 3552' 1827" 2825° 3077" 2871" 3481" 256 
Dimethyl sulfide 4776' 4492" 1200' 1865" 1287' 1715" 123 
1-Hexene 0h 79° 0" 0" 0" 0" 4 
Hexane 77' 232' 429" 169* 229" 255" 35 
Benzene 0" 211* 170" 164° 61' 47" 18 
1-Heptene 0h 67" 100' 0" 93" 64' 13 
Heptane 0J 80' 346" 80' 177" 79' 19 
Dimethyl disulfide 0" 6206° 0" 0" 134" 80" 262 
Toluene od 346° 255" 170' 209' 182' 12 
1-Octene 509' 348" 0' 127' 0' 0' 12 
Octane 1162' 654" 251' 248' 167' 271' 60 
2-Octene 225' 189" 54" 71" 0' 63" 17 
3-Methyl-2-heptene 456' 318" 0' 108' 0' 73' 44 
Dimethyl trisulfide 0" 205" 0" 0" 0' 0" 12 
Total 11138" 15886" 10229" 7270' 6977' 7082' 413 
Aerobically packaged for 3 d then vacuum-packaged for 7 d. 
2Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
'Standard error of the means 
"'Different letters within a row indicate significant difference (p < 0.05); n = 4. 
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CHAPTER 8. USE OF DOUBLE-PACKAGING AND ANTIOXIDANT 
COMBINATIONS TO IMPROVE COLOR, LIPID OXIDATION, AND VOLATILES 
OF IRRADIATED RAW AND COOKED TURKEY BREAST PATTIES1 
A paper accepted by the Poultry Science 
K. C. Nam2 and D. U. Ahn3 
Abstract 
The effects of antioxidant and double-packaging combinations on color, lipid 
oxidation and volatiles production in irradiated raw and cooked turkey breast were 
determined. Ground meat was treated with antioxidants (none, sesamol+a-tocopherol or 
gallate+a-tocopherol) and patties were prepared. The patties were vacuum-, aerobically or 
doubly (vacuum for 7 d then aerobic for 3 d) packaged and electron beam-irradiated at 3 kGy. 
Color, 2-thiobarbituric acid-reactive substances (TBARS) and volatile profiles of the samples 
were determined at 0 d, 10 d and after cooking. 
Irradiated vacuum-packaged patties had great amounts of sulfur volatiles (dimethyl 
sulfide and dimethyl disulfide) and increased red color during the refrigerated storage and 
after cooking compared with the nonirradiated control. Irradiated aerobically packaged meat 
had problem in accelerated lipid oxidation and aldehydes production at 10 d and after 
cooking. Gallate+a-tocopherol alone with double packaging was effective in reducing the red 
color of irradiated meat at 10 d and after cooking. Considerable amounts of off-odor volatiles 
were reduced by double-packaging and antioxidant treatment. Sulfur volatiles were 
evaporated during the aerobic period of double-packaging and lipid oxidation was prevented 
'journal Paper No. J -19735 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, IA 50011. Project No. 3706, supported by NRI. 
"Primary researcher and author. 
3 Author for correspondence. 
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by the antioxidants and vacuum-condition of double-packaging. These beneficial effects of 
double-packaging and antioxidant were more critical in irradiated cooked meat. Therefore, 
the combinational use of antioxidant and double-packaging would be a useful method to 
control the oxidative quality changes of irradiated raw and cooked turkey breast. 
Introduction 
Although irradiating is the best method to ensure the microbiological safety of raw 
meat (Lambert et al., 1991), it caused a few radiolytic meat quality defects. Irradiated pork 
and poultry meat accelerated lipid oxidation (Katusin-Razem et al., 1992; Ahn et al., 2000a), 
produced a characteristic off-odor (Patterson and Stevenson 1995; Du et al., 2000; Ahn et al., 
2001), and developed a pink color (Lynch et al., 1991; Nanke et al., 1998; Nam and Ahn 
2002). Jo and Ahn (2000) elucidated that sulfur volatiles produced by radiolytic degradation 
of sulfur amino acids were responsible for the irradiation off-odor and Nam and Ahn (2002a) 
characterized the pink color in irradiated turkey breast with the complex of heme pigment 
and radiolytic carbon monoxide. It is believed that the primary and secondary reactions of 
free radicals generated by irradiation with meat components are a main cause of these quality 
changes. Woods and Pikaev (1994) and Ahn et al. (1997) reported that antioxidant reduces 
oxidative quality deterioration of irradiated meat by quenching free radicals. Nam and Ahn 
(2002b) showed that gallate or sesamol combined with a-tocopherol decreased the 
production of sulfur volatiles as well as lipid oxidation in irradiated pork patties. 
Packaging is also a critical factor influencing the quality of irradiated meat. Under 
vacuum conditions, almost all sulfur volatiles generated by irradiation retained in meat (Ahn 
et al., 2000b; Ahn et al., 2001; Nam et al., 2001) and the intensity of pink color in irradiated 
meat increased during storage (Luchsinger et al., 1996; Nam et al., 2002a). Under aerobic 
conditions, almost all sulfur volatiles generated by irradiation disappeared and pink color 
intensity decreased after few days of storage. Lipid oxidation in irradiated meat during 
storage was accelerated only under aerobic conditions (Katusin-Razem et al., 1992; Ahn et 
al., 2000b). Therefore, exposing irradiated meat to aerobic conditions for a limited period of 
time will lower irradiation off-odor odor and decrease pink color intensity, and subsequent 
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storage in vacuum conditions will minimize lipid oxidation. The addition of antioxidant thus 
can ensure irradiated double-packaged meat from quality deterioration during storage. 
The objective of this study was to determine the effects of double-packaging and 
antioxidant combinations on color, lipid oxidation, and volatiles of irradiated raw turkey 
breast during refrigerated storage and after cooking. 
Materials and Methods 
Treatments 
Breast muscles from 6 turkeys were pooled and used as a replication. Meats for each 
replication were ground through a 3-mm plate and 4 replications were prepared. Six different 
treatments were prepared using antioxidant, packaging method and irradiation conditions 
(Table I). Vitamin E + sesamol and vitamin E + gallate combinations were selected to use in 
this study because these antioxidant combinations were the most effective in reducing lipid 
oxidation and off-odor volatiles in irradiated turkey meat (Nam and Ahn, 2002b). Sesamol 
(3,4-methylenedioxyphenol; Sigma Chemical Co., St. Louis, MO) plus a-tocopherol (Aldrich 
Chemical Co.; Milwaukee, WT) or gallate (3,4,5-trihydroxybenzoic acid; Sigma Chemical 
Co.) plus a-tocopherol was mixed with the ground turkey meat at each 100 ppm level (final 
200 ppm) using a bowl mixer (Model KSM 90; Kitchen Aid Inc., St. Joseph, MI). The mixed 
meat samples were ground again through a 3-mm plate to ensure uniform distribution of the 
added antioxidants. Other treatments without antioxidants were also gene through the same 
mixing process to provide the same preparation conditions as in antioxidant added 
treatments. 
About 50 g of turkey breast patties were prepared from each treatment and then 
individually vacuum-packaged in high oxygen-barrier bags (nylon/polyethylene, 9.3 mL 
O,/m~/24 h at 0°C; Koch, Kansas City, MO), aerobically packaged in polyethylene oxygen-
permeable bags (polyethylene, 2 MIL, Associated Bag Company, Milwaukee, WI), or doubly 
packaged. For double-packaging, aerobically packaged patties were repackaged in oxygen 
impermeable vacuum bags. The packaged patties were irradiated at 2.5 kGy using a Linear 
Accelerator (Circe mR, Thomson CSF Linac, Saint-Aubin, France) with 10 MeV of energy, 
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10 kW of power level, and 86.2 kGy/min of average dose rate. To confirm the target dose, 
two alanine dosimeters per cart were attached to the top and bottom surfaces of the sample 
and they were read using a 104 Electron Paramagnetic Resonance instrument (EMS-104, 
Bruker Instruments Inc., Billerica, MA). Nonirradiated vacuum-packaged patties were 
prepared as a control. The outer vacuum bags of doubly packaged meat were removed after 7 
d of storage at 4°C to expose the samples under aerobic conditions. Color, lipid oxidation and 
volatile compounds of the irradiated raw meats were determined at 0 and 10 d of refrigerated 
storage. Part of the raw meat stored for 10 d were cooked in a 90°C water bath (cooked in 
bag) to an internal temperature of 75°C. The surface and internal color, lipid oxidation and 
volatiles of the cooked meat were determined after cooling the meat to room temperature. 
Color measurement 
CIE color values were measured on the surface of sample using a LabScan color 
meter (Hunter Associated Labs. Inc., Reston, VA) that had been calibrated against a black 
and a white reference tiles covered with same packaging materials as used for samples. The 
CIE L* (lightness), a* (redness), and b* (yellowness) values were obtained using an 
illuminant A (light source) with an area view of 0.25" and a port size of 0.40". Two random 
locations of both upper and bottom surface of the samples were measured. For the internal 
color of cooked meat, the patties were horizontally dissected and the internal central locations 
were measured. 
Analysis of 2-thiobarbituric acid reactive substances (TBARS) values 
Lipid oxidation was determined by a TBARS method (Ahn et al., 1998). Meat sample 
(5 g) was placed in a 50-mL test tube and homogenized with 15 mL of deionized distilled 
water (DDW) using a Brinkman Polytron (Type PT 10/35, Brinkman Instrument Inc., 
Westbury, NY) for 15 s at high speed. The meat homogenate (1 mL) was transferred to a 
disposable test tube (13 x 100 mm), and butylated hydroxytoluene (7.2%, 50 pL) and 
thiobarbituric acid/trichloroacetic acid [20 mM TBA and 15% (w/v) TCA] solution (2 mL) 
were added. The mixture was vortexed and then incubated in a 90°C water bath for 15 min to 
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develop color. After cooling for 10 min in cold water, the samples were vortexed and 
centrifuged at 3,000 x g for 15 min at 5°C. The absorbance of the resulting upper layer was 
read at 531 nm against a blank prepared with 1 mL DDW and 2 mL TBA/TCA solution. The 
amounts of TBARS were expressed as mg of malonedialdehyde (MDA) per kg of meat. 
Analysis of volatile profiles 
A purge-and-trap apparatus (Precept H and Purge & Trap Concentrator 3000, Tekmar-
Dohrmann, Cincinnati, OH) connected to a gas chromatography/mass spectrometry (GC/MS, 
Hewlett-Packard Co., Wilmington, DE, USA) was used to analyze volatiles produced (Ahn 
and others 2001). Minced meat sample (3 g) was placed in a 40-mL sample vial and the vials 
were flushed with helium gas (40 psi) for 5 s. Samples were held in a refrigerated (4°C) 
sample-holding tray before analysis, and the maximum holding time was less than 6 h to 
minimize oxidative changes (Ahn and others 1999). The meat sample was purged with 
helium gas (40 mL/min) for 13 min at 40°C. Volatiles were trapped using a Tenax column 
(Tekmar-Dohrmann) and desorbed for 2 min at 225°C, focused in a cryofocusing module (-
90°C), and then thermally desorbed into a column for 30 s at 225°C. 
An HP-624 column (7.5 m x 0.25 mm i.d., 1.4 p,m nominal), an HP-1 column (52.5 m 
x 0.25 mm i.d., 0.25 nm nominal; Hewlett-Packard Co), and an HP-Wax column (7.5 m x 
0.25 mm i.d., 0.25 |im nominal) were connected using zero dead-volume column connectors 
(J &W Scientific, Folsom, CA). Ramped oven temperature was used to improve volatile 
separation. The initial oven temperature of 0°C was held for 2.50 min. After that, the oven 
temperature was increased to 15°C at 2.5°C/min, increased to 45°C at 5°C/min, increased to 
110°C at 20°C/min, increased to 210°C at 10°C/min, and then was held for 4.5 min at the 
temperature. Constant column pressure at 20.5 psi was maintained. The ionization potential 
of mass selective detector (Model 5973; Hewlett-Packard Co.) was 70 eV, and the scan range 
was 18.1 - 300 m/z. Identification of volatiles was achieved by comparing mass spectral data 
of samples with those of the Wiley library (Hewlett-Packard Co.). Standards, when available, 
were used to confirm the identification by the mass selective detector. The area of each peak 
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was integrated using the ChemStation (Hewlett-Packard Co.), and the total peak area (pA*s x 
104) was reported as an indicator of volatiles generated from the sample. 
Statistical analysis 
The experiment was designed to determine the effects of double-packaging and 
antioxidant combinations on color, lipid oxidation, and volatile profiles of the irradiated 
samples during storage. Analysis of variance was conducted by the generalized linear model 
procedure of SAS software (SAS Institute, 1995); Student-Newman-Keul's multiple range 
test was used to compare the mean values of the treatments. Mean values and standard error 
of the means (SEM) were reported at P < 0.05 probability level. 
Results and Discussion 
Color changes 
Irradiated turkey breast had higher a* values than nonirradiated meat (Table 2). 
Antioxidants lowered the L* value of vacuum-packaged irradiated meat by about 2 unit and 
a* value by 1 unit. The a* value of aerobically packaged irradiated meat was lower than that 
of vacuum-packaged meat, but was still higher than nonirradiated control. Nam and Ahn 
(2002a) attributed the increased red color in irradiated turkey meat to the formation of carbon 
monoxide-myoglobin (CO-Mb) complexes. The CO-Mb complex is more stable than 
oxymyoglobin because of the strong binding of CO to the iron-porphyrin site on the 
myoglobin molecule (Sorheim et al., 1999). 
The increased redness of vacuum-packaged turkey breast by irradiation was stable 
even after 10 d of refrigerated storage. However, the redness of aerobically or double-
packaged meat decreased significantly. This well indicated that exposing irradiated meat to 
aerobic conditions was effective in reducing CO-heme pigment complex formation. 
Furthermore, the combination of antioxidants with double-packaging showed synergistic 
effect in reducing the redness of irradiated meat: the presence of oxygen should have 
accelerated the dissociation of CO-Mb while antioxidants should have inhibited the radiolytic 
generation of CO. Grant and Patterson (1991) also reported that irradiated color could be 
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discolored in the presence of oxygen. 
The color changes of irradiated meat after cooking is more important because residual 
pink color in turkey breast meat can be considered undercooked or contaminated by 
consumers. The redness of meat was still higher in irradiated meat than nonirradiated meat 
even after cooking, and the inside of the meat had stronger redness intensity than the surface. 
Irradiated cooked turkey breast meat from double-packaging and antioxidant combinations, 
however, produced significantly lower a* values than the vacuum-packaged irradiated cooked 
meat. Especially, gallate plus a-tocopherol was more effective in reducing the redness than 
sesamol plus a-tocopherol. Therefore, the gallate plus a-tocopherol in combination with 
double-packaging can be effective in controlling off-color in irradiated raw and cooked 
turkey breast meat. 
Lipid oxidation 
Both aerobic packaging and irradiation increased the lipid oxidation of turkey breast, 
but the presence of oxygen was more critical factor than irradiation on lipid oxidation during 
the storage (Table 3). Vacuum packaged meat was more resistant to lipid oxidation than 
aerobically packaged meat and the TBARS increase was proportional to the exposure time to 
aerobic conditions: the TBARS of meat was the highest with aerobic packaging, the lowest 
with vacuum packaging and was in the middle with double packaging. Two antioxidant 
combinations were very effective in preventing lipid oxidation during the storage and the 
TBARS of antioxidant treated meats were lower than even nonirradiated vacuum-packaged 
meat at 10 d. 
The antioxidant effect on lipid oxidation of turkey meat was even more distinct after 
cooking. The TBARS of irradiated turkey meat increased rapidly after cooking, but those 
with antioxidants did not. Therefore, lipid oxidation problem in aerobically or double-
packaged irradiated raw and cooked turkey breast could be solved by the addition of sesamol 
+• a-tocopherol or gallate + a-tocopherol. 
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Off-odor volatiles of raw meat 
Irradiation generated many volatiles not found in vacuum-packaged nonirradiated 
turkey breast meat (Table 4). Majority of the newly generated volatiles were hydrocarbons 
and sulfur-containing compounds, and 1-butene, toluene, dimethyl sulfide and dimethyl 
disulfide were among the most distinct ones. S-compounds are regarded as the major 
volatiles responsible for the characteristic irradiation off-odor and are different from the 
rancidity caused by lipid oxidation products. Ahn et al., (2000a) described the irradiation 
odor in raw pork as a "barbecued corn-like" odor. S-containing volatiles, such as 2,3-
dimethyl disulfide produced by the radiolytic degradation of sulfur amino acids, were 
responsible for the off-odor in irradiated pork, and their amounts were highly dependent upon 
irradiation dose (Ahn et al., 2000b). Aerobic packaging was more desirable than vacuum or 
double packaging in reducing the amounts of hydrocarbons and sulfur compounds. Almost all 
dimethyl disulfide, a main irradiation off-odor, disappeared under the aerobic conditions and 
aerobically packaged irradiated meat had only one-third of total volatiles of the vacuum-
packaged meat. Little difference in volatile profiles between vacuum-packaged irradiated and 
doubly packaged irradiated meats at 0 d were found because they were both in vacuum 
conditions during irradiation. Antioxidant treatments lowered total volatiles in meat and 
propanal was not detected when antioxidants were added. 
After 10 d of refrigerated storage, volatiles profiles of irradiated turkey breast were 
highly dependent upon antioxidant and packaging conditions (Table 5). Vacuum-packaged 
irradiated turkey breast had the greatest amounts of total and sulfur volatiles. Especially, the 
amount of dimethyl disulfide increased by 2-fold compared with that at 0 d (P < 0.01), and 
dimethyl trisulfide was newly generated in vacuum-packaged irradiated meat. These sulfur 
volatiles, however, were not detected in irradiated aerobically or double-packaged meat. 
Three days of exposure to aerobic conditions was enough for the sulfur volatiles to escape 
from meat. However, aerobically packaged irradiated meat without antioxidants produced 
large amounts of aldehydes (propanal, hexanal) and 2-butanone at 10 d, which were 
coincided with the result of TBARS (Table 3). Double-packaged meat did not have many 
lipid oxidation products compared with the aerobically packaged one, but antioxidant 
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combinations significantly reduced the amount of pentane. Therefore, the combination of 
double-packaging (vacuum for 3 d then aerobic for 7) with antioxidants in irradiated raw 
turkey breast were very effective in reducing total and sulfur volatiles responsible for the 
irradiation off-odor without any problem in lipid oxidation. 
Off-odor volatiles of cooked meat 
The beneficial effects of double-packaging and antioxidant combinations on volatiles 
were more clearly shown in irradiated cooked turkey breast (Table 6). Irradiated cooked 
turkey breast not only produced considerable amounts of sulfur volatiles but also aldehydes 
and ketones. Therefore, irradiated cooked meat had characteristic irradiation off-odor and 
lipid oxidation-related volatiles compared with the nonirradiated cooked meat. Cooking of 
vacuum-packaged irradiated meat produced high amounts of sulfur volatiles, whereas 
cooking of aerobically packaged irradiated meat produced large amounts of aldehydes. Large 
amounts of propanal and hexanal were formed in irradiated cooked turkey breast and the 
amount of total volatiles was the greatest in aerobically packaged irradiated cooked meat. 
This result shows that both lipid oxidation products and irradiation off-odor were problematic 
when storing irradiated meat under aerobic conditions. 
Double-packaging itself was more effective than vacuum packaging in reducing sulfur 
volatiles, and lipid oxidation-dependent volatiles compared with aerobic packaging. 
However, the combination of antioxidant with double-packaging was more effective in 
reducing both sulfur and lipid oxidation volatiles in irradiated cooked meat. The total 
amounts of sulfur volatiles in double packaged irradiated turkey meat with antioxidant were 
only about 5-7% of the irradiated vacuum packaged cooked meat without antioxidant. 
Production of most aldehydes in irradiated cooked turkey breast was prevented by using 
antioxidant and double-packaging. In conclusion, the combination of double-packaging and 
antioxidant was highly effective in controlling lipid oxidation and irradiation off-odor of 
irradiated raw and cooked turkey breast patties. 
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Table 1. Packaging, irradiation and antioxidant treatments used in this study 
Irradiation Antioxidant Packaging method 
Treatment fkGv) (100 ppm each) 
Nonlr/Vacuum pkg 0 Not added Vacuum for 10 d 
Irradiated/Vacuum pkg 3 Not added Vacuum for 10 d 
Irradiated/Aerobic pkg 3 Not added Aerobic for 10 d 
Irradiated/Double pkg 3 Not added Vacuum for 7 d then aerobic for 3 d 
Irradiated/Double pkg/S+E 3 Sesamol, a-tocopherol Vacuum for 7 d then aerobic for 3 d 
Irradiated/Double pkg/G+E 3 Gallate. a-tocopherol Vacuum for 7 d then aerobic for 3 d 
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Table 2. CIE color values of irradiated turkey breast patties treated by different packaging and 
antioxidant during the 10-d of storage and after cooking 
Nonlr Irradiated 
Vacuum Vacuum Aerobic Double-packaging1 
Storage packaging packagingpackaging None S+E- G+E SEM 
L* value 
Day 0 54.29abz 55.36M 55.39ay 55.20ay 53.57bz 53.59by 0.29 
Day 10 54.44"= 56.88ay 56.7 lay 56.14ay 54.03bz 53.44by 0.37 
Cooked4 (surface) 84.38™ 84.73™ 83.65™ 84.41™ 84.71™ 81.70bx 0.31 
Cooked (inside) 82.05y 84.30* 82.65" 83.73x 82.39y 81.98x 0.81 
SEM 0.52 0.38 0.55 0.35 0.32 0.71 
a* value 
Day 0 4.42" 7.95ay 7.l5bx 7.74™y 6.95by 6.74bx 0.13 
Day 10 4.67dz 7.89ay 5.66cy 6.98by 4.68dz 5.63^ 0.11 
Cooked4 (surface) 5.96by 7.53ay 3.99" 6.20bz 5.55bz 4.51" 0.21 
Cooked (inside) 7.50" 10.04™ 5.58dy 8.62bx 7.5 lcx 5.75dy 0.23 
SEM 0.16 0.24 0.14 0.13 0.18 0.18 
b* value 
Day 0 9.63aby 9.79az 9.62abz 9.14bz 8.58" 8.59" 0.15 
Day 10 9.18dy 9.55cdz 12.08ay ll.37by 11.29by 9.86cy 0.18 
Cooked4 (surface) 14.87abx 16.60™ I4.06bx 16.67™ 15.70abx I4.29bx 0.50 
Cooked (inside) 14.99abx 15.25aby 15.96™ 15.95™ 15.22abx 14.44bx 0.33 
SEM 0.43 0.26 0.24 0.25 0.33 0.38 
'Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
"Sesamol (100 ppm) and a-tocopherol (100 ppm) added. 
^Gallic acid (100 ppm) and a-tocopherol (100 ppm) added. 
4Cooked by internal temperature (75 C) after 10-d of storage. 
^Different letters within a row are significantly different (P < 0.05); n = 4. 
^Different letters within a column with same color value are significantly different (P < 
0.05). 
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Table 3. TBARS values of irradiated turkey breast patties treated by different packaging and 
antioxidant during the 10-d of storage and after cooking 
Nonlr Irradiated 
Vacuum Vacuum Aerobic Double-packaging1 
Storage packaging packagingpackaging None S+E2 G+E3 SEM 
(mg MDA/kg meat) 
Day 0 0.66by 0.84ay 0.9 lay 0.83ay 0.42dy 0.55c 0.03 
Day 10 0.72cy 0.84cy 2.18" 1.61by 0.53" 0.53' 0.09 
Cooked4 I.12dx 1.67" 2.37" 2.09bx 0.54" 0.64e 0.07 
SEM 0.06 0.04 0.14 0.05 0.02 0.04 
'Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
2Sesamol (100 ppm) and a-tocopherol (100 ppm) added. 
3Gallic acid ( 100 ppm) and a-tocopherol ( 100 ppm) added. 
4Cooked by internal temperature (75 C) after 10-d of storage. 
"Different letters within a row are significantly different (P < 0.05); n = 4. 
"Different letters within a column are significantly different (P < 0.05). 
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Table 4. Volatile profiles of irradiated raw turkey breast patties treated by different packaging 
and antioxidant at 0 d 
Nonlr Irradiated 
Vacuum Vacuum Aerobic Double-packaging1 
Storage packaging packaging packaging none S+E2 G+E3 SEM 
- (Total ion counts x 104) 
Hydrocarbons 
l-Butene 0b 854= 947a 8l8a 859a 95 la 68 
l-Pentene 0C I76ab I89a I56ab I23b I47a" 14 
Pentane 43 lb 854a l,l05a 904a 352b 426b 70 
2-Pentene 0b ll0a 96a 102a 0b 33" 10 
1-Hexene 0C I15a ççab 94ab 75ab 47ab 14 
Hexane 97c 260b 384a 212b 168"° 180^ 26 
Benzene 0C I96ab I58b 226a 208ab 246a 15 
1-Heptene 0d I24ab I55a 127ab 90^ 64e 10 
Heptane 0d U0b 168a 120b 76e 57e 9 
Toluene Od 560a 365e 432bc 468b 426"° 24 
4-Octene 246b 37 la 0d 123e 135e 135e 23 
Octane 4l8b 658a 119e 246be 255be 25l* 43 
2-Octene 169^ 644a 0e 397b 480b 408b 10 
3-Methyl-2-heptene 242* 313a 0e 82b I09b 99b 24 
2-Octene 0C 145a 0e 70b 16e 39bc 11 
Sulfurs 
Dimethyl sulfide 879b l,455a 819b 1.4051 l,434a 919b 78 
Carbon disulfide 246ab 293a 0e 276ab 203b 44e 22 
Dimethyl disulfide 0b U,9l8a 83b ll,466a 8,306a 8,557a 1,473 
Aldehyde and ketone 
Propanal 61 286a 25V 298a 0b o" 19 
2-Propanone 2,608' 2,630a 2,465ab 1,555e 1,800e 2,158b 105 
Total 5.40 Ie 22.0691 7.415e 19.117ab 15.162" 15.195" 1.483 
1 Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
2Sesamol (100 ppm) and «-tocopherol (100 ppm) added. 
^Gallic acid (100 ppm) and a-tocopherol (100 ppm) added. 
^Different letters within a row are significantly different (P < 0.05); n =4. 
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Table 5. Volatile profiles of irradiated raw turkey breast patties treated by different packaging 
and antioxidant after 10-d of refrigerated storage 
Nonlr Irradiated 
Vacuum Vacuum Aerobic Double-packaging1 
Storage packaging packaging packaging none S+E2 G+E3 SEM 
(Total ion counts x 104) 
Hydrocarbons 
1-Butene 0C 930' I I I e  419b 366b 366" 52 
1-Pentene 0C 195' 113b I20b 140b 99" 16 
Pentane 684bc l,365'b 2,147' 1,532' 354e 571"° 200 
2-Pentene 40** 174' 0e 65" 0e 0e 14 
1-Hexene 0C 112' 75b 67" 69b 80b 7 
Hexane 78c 374b 514' 311" 294b 304b 33 
Benzene 0C 309' 20e 200" 152" I44b 22 
l-Heptene 0C 92b 167' 96" 79b 79b 8 
Heptane oc nob 217' 125" 82b 99b 12 
Toluene oc 537' I78b 214b 172b 213b 24 
4-Octene 228b 490' 0d 74cd 96e 137e 25 
Octane 41 lb 862' 122e 174e 203e 302be 53 
2-Octene 193" 451' 0e 59e 59e 85e 17 
3-Methyl-2-heptene 230b 445' 0d 60ed 76ed 116e 28 
Sulfurs 
Dimethyl sulfide l,304b 1,990' 140d 831e 676e 546e 85 
Carbon disulfide 258b 306' 0e 0e 0e 0e 14 
Dimethyl disulfide 0b 22.702' 0b 32" 0b 43b 739 
Dimethyl trisulfide 0b 554' 0b o" 0" 0b 16 
Aldehydes and Ketones 
Propanal 0b 0b 1,966' 600" 0" 0b 14 
Hexanal 0 0 755 0 0 0 308 
2-Propanone l,739b 2,116'b 2,465' 2,147'" 1,962'" l,992'b 140 
2-Butanone 0b 0b 107' 0b o" 0b 5 
Total 5.172b 34.120' 9.102b 7.132b 4.785" 5.183b 1.152 
'Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
2Sesamoi (100 ppm) and «-tocopherol (100 ppm) added. 
3Gallic acid (100 ppm) and «-tocopherol (100 ppm) added. 
' ^Different letters within a row are significantly different (P < 0.05); n = 4. 
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Table 6. Volatile profiles of irradiated, cooked (internal temperature, 75 C) turkey breast 
patties treated by different packaging and antioxidant 
Nonlr Irradiated 
Storage 
Vacuum 
packaging 
Vacuum Aerobic Double-packaging1 
packaging packaging none S+E" G+EJ SEM 
—————————— 
— (Total ion counts x 10") ————————————— 
Hydrocarbons and furan 
1-Butene 74, 1,441' l,595a l,502a 575" 577" 95 
1-Pentene 0d 366ab 380 436a 174e 240be 43 
Pentane 1,738e 6,527e 30,267a 21,607b 1,332e 2,443e 2,051 
2-Pentene 77 289e 72 la 606" 82d 128 28 
1-Hexene 0H 199
ab 274a 204ab 156" 19 lab 22 
Hexane 191 904e 5,192a 2,540b 803e 93 Ie 165 
Benzene 0C 3l3a I77b 3l6a 192" 224ab 29 
l-Heptene 0b 414a 680a 558a 4l2a 453a 75 
Heptane 94c 467e 3,602a l,799b 321e 485e 133 
Toluene 0C 2,199a 822b 2,226" 2,403a 1,689a 216 
4-Octene 253b 5l0a I29b 294b 313" 25 lb 56 
Octane 380d 1,219"° 2,214a l,677b 800ed 801ed 164 
2-Octene 137° 6123 653a 606a 313" 323b 50 
3-Methyl-2-heptene 267= 409a 0b 30 lab 227a" I70ab 61 
Nonane 0b o" 63a 0b 0b o" 1 
2-Ethyl furan 0b o" 166a 0b 0b o" 11 
Sulfurs 
588ed Dimethyl sulfide l,008b 2,032a 45 ld l,005b 689e 48 
Carbon disulfide 419' 339a" 2l0b 27 lab 278ab 374a 35 
Dimethyl disulfide 0b 17,861a 342b 940b 412b 210" 601 
Dimethyl trisulfide 0b l,007a 0b I18b 0b o" 49 
Aldehydes and Ketones 
5,962b Propanal 233d 2272e 8,637a 38d 427d 377 
Butanal 0e 127d 592a 195° 302b 226e 22 
Pentanal 62c 875= 3,014a 1,667" 0e 31e 223 
Hexanal o" 3,734" 37,617a 9,686" 0b o" 2,626 
2-Propanone 1,770 2,828 3,744a 33,84ab 2,863"° 2,637e 167 
2-Butanone 0C 116b 0e 23 la 223a 142" 10 
3-Methyl butanal oc 100b 223a 2043 131" 142" 12 
Total 6.706e 47.1716 101.7731 58.251" 13.046° 13.691e 4.889 
^Vacuum-packaged for 7 d then aerobically packaged for 3 d. 
2Sesamol (100 ppm) and «-tocopherol (100 ppm) added. 
3Gallic acid (100 ppm) and «-tocopherol (100 ppm) added. 
" "Different letters within a row are significantly different (P < 0.05); n = 4. 
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GENERAL CONCLUSIONS 
Food irradiation is a process that improves the safety of fresh meats by reducing or 
eliminating foodbome pathogens and extends the shelf life during storage. Despite the 
microbial advantages of irradiation for meat, the oxidative quality changes are accompanying 
problems. Ionizing radiation produced characteristic off-odor (mainly S-volatiles such as 
dimethyl sulfide and dimethyl disulfide) and lipid oxidation products (aldehydes, ketones, 
and hydrocarbons), and irradiated meat imparted redder or pinker color than the nonirradiated 
meat during the irradiation process and refrigerated storage. The quality changes by 
irradiation were very dependant on packaging conditions. Lipid oxidation was mainly 
problematic when meat was aerobically packaged and the production of S-volatiles was 
greater in vacuum-packaged irradiated raw meats. The increased a*-values by irradiation also 
were more intense in vacuum-packaged meat. But when meat was freezer-stored, aerobic 
packaging was more susceptible to the production of both oxidation-dependent and S-
volatiles, and the increased pink color still existed even in aerobic conditions. 
Irradiation produced carbon monoxide (CO) in meat, which can bind to myoglobin as 
a sixth ligand, and it decreased oxidation-reduction potential of meat. Thus, the mechanisms 
of increased a*-values of irradiated meats can be explained as follows: irradiation provides 
reducing conditions and produces CO to which heme pigments can bind and increase the 
intensity of red or pink color. The absorption spectra of meat drip also showed that the peak 
wavelengths of irradiated turkey breast were similar to that of the CO-myoglobin. The CO-
myoglobin was fairly stable and the pink color still imparted in irradiated precooked meat 
during the storage. 
Practical methods to prevent or minimize the quality deterioration of irradiated meats 
are very much needed. The addition of antioxidant combinations (sesamol, gallate, Trolox, or 
a-tocopherol; final 200 fiM) was effective in reducing lipid oxidation and off-odor volatiles 
in irradiated meats, but camosine had no effect. Especially, the antioxidant combinations 
could be more effectively used to reduce the S-volatiles in vacuum-packaged irradiated 
meats, or to control lipid oxidation in aerobically packaged irradiated products. The 
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combination of sesamol plus a-tocopherol was the most effective in reducing the lipid 
oxidation products, and gallic acid plus a-tocopherol was the most effective in reducing the 
red color of irradiated meat during storage and after cooking. 
In general, for short-term storage (3 days or less) of irradiated meat in which lipid 
oxidation is not a great problem, aerobic packaging can be more beneficial than vacuum 
packaging because S-volatiles can be significantly evaporated under aerobic conditions. On 
the other hand, irradiation of meat with vacuum-packaged storage may be desirable for long-
term storage, but may reduce the acceptance of irradiated meat due to its retained high level 
of S-volatiles. Double-packaging - individual packaging of meat with oxygen permeable film 
and repackaging the multiple individual packages in large vacuum bag for irradiation and 
storage - and opening the outside vacuum bag 1 to 3 days before sale, is recommended to 
effectively reduce both irradiation odor and lipid oxidation. Therefore, the combined use of 
antioxidant and double-packaging would be a useful way to control the oxidative quality 
changes of irradiated raw and cooked meats during storage. 
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